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The  thermal-  and  radiat ion- induced  charges  released  to  an  external 
circuit  have  been  examined  for  a set  of  polyethylene  capacitors  made  from 
materials  of  differing  crystallinities  and  molecular  structures.  Persis- 
tent internal  fields  were  created  by  burn-in.  It  was  found  that  the  net 
thermal  or  radiation  response  of  samples  subject  to  burn-in  is  signifi- 
cantly enhanced  if  comimred  to  those  that  were  annealed.  There  was  no 
significant  dependence  of  sample  response  on  fractional  crystallinity  for 
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c;i])ac  i t ors  polarized  under  burn-in.  I'bi.s  is  attributed  to  the  fact  that 
the  magnitude  of  the  iiersistent  internal  fields  created  in  this  manner 
depends  on  the  concentration  of  dissociable  impurities  or  orientable 
ilipoles  present  and  is  thus  sample-  rather  than  morphology-dependent.  The 
aliility  of  this  polymer  to  store  persistent  cha  rge/i)o  lar  i zat  ion  is  related 
to  the  presence  of  trapping  sites  connected  with  specific  morphological 
features.  These  include:  (1)  interfaces  between  crystalline  and  amorpnous 

domains;  (2)  regions  of  large  free  volume  between  molecules  in  the  amor- 
phous domains;  and  (3)  defects  in  the  crystalline  domains  associated  with 
chain  folds  and  side  branches. 

> The  radiation  and  tliermal  response  of  a set  of  semirigid  Teflon  TIT; 
dielectric  caliles  has  been  evaluated.  This  has  been  done  to  (1)  relate 
their  behavior,  especially  the  first  pulse  response,  to  the  conditions  of 
irradiation,  and  (2)  to  see  if  there  is  a correlation  between  the  net 
charge  released  to  an  external  circuit  by  radiation  and  by  heating  similar 
to  tliat  found  for  Teflon  capacitors.  The  results  of  the  thermally  stimu- 
lated current  measurements  imply  that  the  stored  charge  released  from 
these  cables  is  trapped  near  their  surface  rather  than  constituting  a uni- 
form volume  polarization. 
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].  INTRODUCTION 

I’olviiRTS  call  store  t rapiH'i.1  cliar;',c  or  iK'rsistcait  polarization  for  pcrtocls 
a-  lonp  as  several  years.  Rad  i a t i on-  i luluceil  relaxation  of  such  stored  eharj;c 
oi'  polarization  in  eonipoiien  t s eontainiiiR  polviiiers  can  leatl  to  an  enhanced  radia- 
tion resnonse.  winch  iiia.v  cause  system  malfunction  or  failure.  Without  realistic 
bounds  on  such  a ri'sponse,  it  is  difficult  to  make  su  rv  i vali  i 1 i t ,\7  viil  nerab  i 1 i t y 
.issessmeiit  s or  spec  i f.\  a sufficient  level  of  lianleniny  for  systems  eontti  i n i ng 
t liese  dielectrics,  .Specific  components  tliat  ma>'  sliow  deleterious  effects 
liecause  ot'  persistent  ciiarge  include  capacitors,  cables,  and  spacecraft  dielec- 
trics siicli  as  tliermal  blanki.'ls  and  dielectric  spares. 

Ihe  Roa  1 of  tins  program  iias  heen  to  provide  an  nnderstami  i dr  of  the 
I'ffect  of  a stored  charRe  on  the  radiation  res|ionse  of  ]iolynier  dielectrics  in 
ordei  to  make  surv  i val)  i 1 i t > / vu  1 rn'ralii  1 i ty  assessments  possilile.  I'his  proRiaim 
li.is  lieeii  directed  toward  (11  i ileii  t i f i c a t i on  of  tliose  meclianisms  liy  wiiicli  polymer 
dielei  tries  store  persistent  ciiar.r.e  or  po  1 a r i z;it  i on  ami  relation  of  tliem  to  tlie 
molecular  structure  and  morpholoRy  of  tliese  materials,  (21  determination  of  the 
bounds  of  the  radiation  lasponse  of  sucli  polarized  dielectrics,  and  (3|  pro- 
vision ot  prescriptions  t'or  m i ii  i m i z i hr  t lie  effect  of  tins  cliarRc  on  tlie  radiation 
res|ionse  ot  systems  conta  i iii  ii)',  iiolymer  dielectrics  or  at  least  to  iiuike  tlicir 
res  [ion  se  [ired  i c t ;il)  1 e. 

1 lie  initial  impetus  for  this  (iroRram  w;is  tlie  oliservation  tliat  IiIrIi- 
rel  lability  polymer  film  dielectric  ca]iacitors,  when  exposed  to  ioniziiiR  radia- 
tion, releasi-d  unexpectedly  l.ii'Re  amounts  of  cliarRe  into  circuits  of  whicli  they 
were  a part.  Our  initial  studies  (Ref  1)  demonst  rat  ed  tliat  tlie  oriRin  of  this 
lilienomenon  was  tlie  rad  i at  i on  - i nduced  relaxation  of  persistent  internal  polari- 
.;af!on  field.i  in  Ihe  liuik  polymer.  These  fields  are  created  as  a consequence 
of  .1  quality  assurance  procedure'  known  as  liurn-iii,  i.e.,  lioldiiiR  tiie  capacitor 
,it  its  maximum  workiiiR  t eiii|>erat  ure  and  voltaRC  for-  periods  of  a day  or  so. 


R 


\c.ir'-;  I'tTort  (lU-f  J)  ilt-moiist  r.i  t cii  that  the  fllect  of  the  burn-in  tceh- 
nii|ui  I'a-'  to  I riati'  pers  i st  i-nt  iiiternal  po  1 a i' i ;:a  t i on  liy  t Ik-  ali”ninent  of 
iiii'leeiilar  ili|'oli'-  intrinaie  to  tin-  polymer  'Unietui'e  or  impurity  space  charges 
in  the  polN'iiu'i'  I lit  roiluceil  as  a i iin  sei|iience  of  the  manufacturing  processes.  A 
o'.teiiiatu'  ''tikh-  kas  carrieil  out  to  relate  the  measured  thermal  aiul  radiation 
res|)onse  ol'  the  polymers  coiiimonlv  used  as  capacitor  d i (.' 1 ec  t r i c s to  their  molecu- 
lar etructiire.  It  kas  found  that  the  charge  released  hy  a [lolyiner  dielectric 
c.ipacitor  to  an  external  circuit  on  thermal  annealing  or  i I'rtid  i ;it  i on  after 
horn  in  is  proportional  to  the  nonelectronic  coni|)onent  of  the  |iolyiner  polariz- 
.ihilitv,  i.e.,  that  portion  of  its  total  polarizability  due  to  the  presence  of 
dijioles  or  to  space  charge  trapped  at  interfaces  in  tlu'se  inhomogeneous  mate- 
r-ia|s.  In  other  words,  the  more  highly  polar  a polymer,  the  greater  its  thermal 
or  r. idi.it  ion  response  afte)'  htirn-in.  One  could  therefore  jirescribe  the  emjtloy- 
meiit  of  capacitors  with  nonpolar  d i e 1 i,'ct  r i c s such  as  po  ly]irop>’l  ene  or  polytctra- 
f 1 iioroet  h>' 1 eiit-  ('lefloiil  to  minimize  the  charge  released  to  an  external  circuit 
from  c.ip.'ic  i t ors  that  might  li.u  e been  L-x()o.seil  at  some  time  in  their  jirior  history 
to  a comh i nat i on  of  elevated  temperature  and  bias. 

It  was  also  found  that  there  was  a correlation  between  the  amount  of  charge 
released  to  ;in  external  circuit  by  the  t herm.i  I 1>'  induced  relaxation  of  persistent 
ch.irge  and  that  induced  h>'  radiation.  This  finding  suggests  that  the  jH-esence 
of  stored  charge  in  met  a 1 - jio  1 >'mer  dielectric  systems  that  might  affect  the 
I rradi.it  ion  behavior  could  be  screened  b\-  therm.'il  testing  so  that  onl>'  components 
that  show  an  anomalously  large  therm.'il  response  would  have  to  be  radiation 
test  ed . 

Understanding  the  faetors  th.'it  c.iuse  the  inconsistent  behtivior  of  cables 
to  radiation  [nilses  has  become  an  imiiortant  problem.  It  has  been  argued  that 
one  source  of  this  anomalous  behavior  is  the  rad  i a t i on- i ndiiced  rehixation  ot 
persistent  internal  fii-hls  tliat  are  created  hy  stored  charge  introduced  into 
the  [lolyiiK-r  dielectric  as  a con-iequence  of  manufacturing  itrocesses  such  as 
polymerization  or  extrusion  or  bectiiise  of  trapped  cluirge  introduced  b>'  exitosurc 
to  ionizing  radiat  ion.  In  this  re|iort  d.ita  is  pri'sented  that  shows  that  when 
irradiated  t tu'  amount  of  charge  reltsiseti  hy  pol>ethylene  ctqiacitors  in  which 
persistent  intirnal  fields  ha\t'  been  cre.'iteil  is  s i gn  i f i cant  1 >■  greater  than  that 


rvU-asixl  In-  sainpU"^  wliidi  liavc-  bocai  tliermally  aiinc'a  1 ed . Tlio  behavior  of  such 
^ apai.  1 1 o r-^  miniics  the  incremental  response  of  cables  when  exjiosed  to  a series 
nl'  radiation  jiul'-es.  Rad  i at  ion  i ndiiced  chan'.inK  may  occur  in  dielectrics  that 
iia-  a part  of  -.pacecralt  components,  such  as  cables,  thermal  blankets,  insulat- 
1 nr  '(iii.'e‘>,  and  opt  ical  components.  Such  dielectrics  are  expo.sed  to  a constant 
clcvtrun  flux  because  of  the  exoa  t inospher  i c eUvtron  environment,  both  natural 
and  .irti  filial  (Ref  a|.  Accumu  1 a t i on  of  such  charj^e  in  a dielectric  can  lead 
to  a catastrophic  failuri  as  a consequence  t)f  dielectric  breakdown  or  may  be 
re  U used  to  extern. il  circuitrx  if  the  satellite  is  exjiosed  to  a threat  pulse. 

In  order  to  predict  the  behavior  of  cables  or  spacecraft  di'.ectrics  in  this 
radiation  environment,  it  is  necessary  to  understand  tlie  mechanisms  by  which 
s[iace  char).;e  can  be  stored  in  pol>iiier  dielectrics. 

Ihi  work  carried  out  this  year  is  an  extension  of  last  year's  program, 
and  had  as  its  mam  goal  to  determine  the  influence  ot'  polymer  morphology,  i.c., 
the  .tructiiral  organization  of  the  [lolymer  cl'.ains  m the  bulk  material,  on  the 
;ibil  iti  ot  a [)ol>-|iR'r  to  stori'  persistiiit  internal  chaige  under  burn-in  and  how 
this  charge  is  rileased  conseipient  to  i riadiat  ion.  liu'  intinit  was  to  identify 
an>  correlation  In  tween  specific  morphological  fe.itures,  such  as  degree  of 
c rvs  t a 1 1 I n 1 1 V , presence  of  chain  branching,  det'i-cts,  and  the  ability  ol  the 
polviiier  to  itore  trapped  charge.  for  tiiis  stiiily  polyethylene  was  chosen  as 
a model  polymer.  Nils  choice  was  made  because  t!ie  polymer  is  commonly  used 
in  cible  dielectrics  and  is  readily  available  in  a variety  of  states  encom- 

I 

j pa  ng  a range  of  crystallinities  and  degrees  of  branching.  It  is  also  the 

* basil  polymer  from  wbich  other  types  are  dcriveil  through  the  substitution  of 

atoms  or  functional  groups  for  the  hydi'ogen  atoms  on  the  main  chain. 

Ihe  second  chapter  of  this  report  [iresents  a brief  descrijitiou  of  the 
cur rint  state  of  knowledge  :ibout  the  morphology  of  polyethylene.  While  the 
basic  chemical  structure  of  the  polymer  is  sinqile,  because  of  the  length  of 
It  constituent  molecules  its  actual  structure  is  quite  complex.  In  this 
I ,.hapter,  the  procislures  ai'e  described  that  were  used  to  characterize  the  three 

types  of  po  1 > et  hy  1 ones  studieil.  1'hc‘se  saiii[iles  were  chosen  to  cover  a reason- 
I ably-  wide  raip’.e  of  morphologies.  A summary  is  presented  ot  current  knowledge 

' about  possible  charge  trapping  sites  in  this  polymer  in  relation  to  specific 

features  of  po  1 yi't  hy  1 ene  morphology. 
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riu'  tliinl  chaptt'f  of  tltis  roiiort  ilosc  r i hos  the  therm.illy  stimulated 
eurient  mea>ureiuent  s (ISC)  made  on  |)o  lyet  lt>  I i-ne  capacitors  coiise((iient  to 
hiifti  III  in  vsliicfi  the  i urri'iit  evolved  as  a funition  of  f emfierature  was  moni- 
tored. I he  pui'iiose  of  these  measiireiiient  s were  threefold.  first,  to  hound 
the  aiiioiint  of  charyte  released  to  an  e.xternal  circuit  in  thermal  depolariza- 
tion as  a consequence  ol'  hiirn-in.  Second,  to  see  i 1’  a correlation  could  be 
found  lutweeii  t'cMt  ii  res  ot'  t lu'  TSC  spectra,  such  as  peaks,  and  t emiierat  ures  at 
which  character i St  ic  molecular  motion  occurs  in  order  to  ascertain  which 
specific  features  ot'  the  pol>iner  morpho loyty  are  related  to  the  charge  trajiiMiig 
n-spons  i h 1 1'  for  t lie  creation  of  [lersistent  ju)  1 a r i zat  i on . Third,  to  provide 
elata  to  see  it'  .i  correlation  e.vists  between  the  thermal  response  of  these 
eap.icitors  consequent  to  hiirn-in  and  that  induced  by  radiation. 

In  the  fourth  chajiter  of  this  re|iort  are  described  the  e.xperiments 
carried  out  to  hound  the  radiation  response  of  the  ]io  1 yet  In’ 1 ones  in  which 
persistent  internal  fields  have  been  ci’cated.  These  irradiations  were  carried 
out  on  matched  sam|)le  sets  in  which  one  sample  hatl  iieen  polarized  by  burn-in 
while  the  other  was  thermal  l\’  annealeil  before  irradiation.  This  was  done  in 
an  effort  to  separate  that  portion  of  the  radiation  resiionse  of  this  polymer 
that  is  due  to  the  rela.xation  of  internal  fiekis  and  that  portion  that  is  due 
to  the  driven  charge  (i.e.,  t lu-  replacement  currents  which  flow  in  an  external 
circuit  as  a consequence  of  the  rati  i at  ion-generat  ed  charge  motion  in  the  polymer 
hulk).  Our  measurements  clearly  show  that  the  |iresence  of  persistent  internal 
sjiace  charge  or  |io  I a r i za  t i on  can  s i gn  i f i cant  1 v enhance  the  radiation  resjionse 
ot  this  dielettrit.  It  is  well  known  that  the  ex|)osure  of  polymer  dielectrics 
to  ionizing  radiation  can  store  tra|)ped  charge  in  them.  An  example  of  this  is 
the  chaiging  of  spacecraft  dielectrics  exposed  to  the  exoatmos|ihe r i c electron 
environment.  I he  charge  released  by  a cable  or  ca))acitor  exposed  to  a series 
of  lailiation  [uilses  eventual  1>  becomes  constant.  A metal -d  ielect  ric  system 
which  has  been  brought  to  such  a state  is  said  to  be  radiation  annealed.  How- 
ever, the  behavior  of  such  a system  when  exposeil  to  siihsecpient  radiation  [nilses 
would  undoubtedly  he  dissimilar  to  a similar  system  which  had  been  thermally 
annealed,  because  the  former  contains  s i gn  i t' i cant  amounts  of  trapjied  charge, 
lo  study  this  plunomenon  , a series  of  jiost  - i rrad  i at  ion  thermal  annealing 
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iiKM ->u  riMinMit  s wt-ro  I'.irrii'd  nut  on  the  |h>  1 set  hy  1 file  enpaeitor  saiii[ilcs  in  order 
To  make  an  estimate  as  to  the  timi-  over  svhieh  t )i  i s trapped  eharj’C  persists 
and  also  to  hound  the  amount  of'  sueh  ehari;e  in  a ilielevtrie  that  has  been 
radiation  annealed.  Ihese  mi'a  su  rement  s ivere  also  earried  out  in  order  to 
eompaia.'  the  ellivu'iies’  i 1'  radiation  eharj'.inj;  s%ith  tfiat  of  iiurn-in  in  creating 
.1  persistent  internal  field  in  our  model  polsmer. 

1 tu‘  orii'.iiial  thrust  of'  this  program  uas  to  elucidate  the  meclianisms 
responsible  for  the  anomalous  response  of  cajiacitors.  As  it  progressed,  it 
became  more  imiuirtant  to  focus  on  those  features  of  charge  tra]i]iing  in  iiolymers 
which  might  be  relevant  to  iinderst aiul  i ng  the  inconsistent  response  of  cables. 
Ihcrefore,  at  the  retjuest  of  the  contracting  agency,  we  shifted  our  attention  to 
gathering  information  by  which  the  responsible  mechanisms  for  the  anomalous 
response  of  cables  might  be  identified. 

I he  fifth  ch.i])ter  presents  a first-cut  evaluation  of  the  behavior  of  a 
group  of  semirig.id  coa.xial  cables  with  ]io  1 y t et  ra  f 1 uorct  hy  1 ene  dielectrics 
(leflon-lM.l  tliat  have  been  used  in  sateiJite.s  and  also  to  instrument  simula- 
tor and  iu;r  experiments  exjiosed  to  irradiation.  This  work  has  been  carried 
out  to  generate  information  to  guide  the  forthcoming  Defense  .Nuclear  Agency 
(D.NAj  cable  program.  The  cables  were  chosen  for  study  because  radiation  experi- 
ments carried  out  earlier  this  year  at  the  .SIM  Pulse  6000  x-ray  facility  indi- 
cated that  they  showed  large  first-inilse  anomalies.  We  have  tabulated  the 
radiation  response  of  these  cables,  for  a variety  of  different  experimental 
conditions  in  terms  of  what  we  feel  to  be  relevant  parameters  of  exposure  in 
an  effort  to  try  to  understand  why  they  showed  different  specific  responses 
under  different  conditions  of  irradiation.  In  addition,  thermally  stimulated 
current  measurements  have  been  carried  out  on  stimples  of  these  cables  to  see 
if  the  charge  release  as  a consetiuence  of  thermal  annealing  is  comparable  to 
that  released  in  a radiation  annealing  in  analogy  to  the  observed  behavior  of 
cajiacitors.  ihis  has  been  done  to  determine  whether  thermal  methods  could  be 
used  as  a screening  test  for  identifying  cables  which  may  show  anomalously 
large  responses  because  of  trapped  charge  or  because  of  the  presence  of  gaps 
between  the  dielectric  and  conductors.  finally,  some  TSf  measurements  have 
been  jierforiiied  on  Ilf,  capacitor  dielectrics  for  comparison  with  the  cables. 
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Tho  coin' 1 ikI  i nt;  iluipt  cr  of  this  report  coiit:iins  a jtciicral  discussion  of 
oiir  work.  It  sumnia  r i zos  oiii’  findings  concern  i iitt  the  relationship  between 
the  morphology  iif  the  moilel  polsnier  and  its  ah  i I i t v to  store-  [lersistent  charge/ 
polarization.  Su^titest  ions  an-  made  for  the  problems  to  he  aiidressed  in  any 
forthcominv,  cabU'  iJror.ram  . 
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2.  POLYMER  CHARACTERIZATION 

2.1  INTRODUCTION 

A ni.iior  .1  im  nt'  t h i >c';ir's  stud\  w;is  to  search  for  correlations  between 
t lu-  moi'i'ho  I o>;  i ca  1 ])ro])erties  of  a |iolyiner  .iiui  its  ability  to  store  (and  release) 
perNistent  '.p.ice  eba  rge/i)o  1 a r i cat  i on  . As  we  have  noteil  in  the  introduction, 
t'eatiires  tbouy.bt  to  he  relevant  for  cbar>;e  storajte  include  the  degree  of  crystal- 
linitv,  chain  hr.inching,  the  ])resence  of  jjarticular  functional  groups,  and  the 
presence  of  un  sa  t u r.i  t eil  bonds. 

I’o  1 Vet  h>  I ene  was  chosen  as  tlie  model  |)ol>iiK'r  for  t it  i s study  for  several 
reasons.  I irst,  it  is  an  important  dielectric  usi-d  in  in.atty  coaxial  cables. 
Second,  it  is  commercially  av.iilahle  in  a variety  of  morphological  forms  which 
cover  a range  of  ilensities,  c r>  st  a 1 1 i n 1 1 i es  , aiul  vlegrees  of  branching  (i.e.,  the 
presence  of  side  grou[is).  Third,  ,a  large  number  of  other  polymers  are  struc- 
tural Iv  ilerivahle  I'rom  ]vol  yet  by  I ene  through  the  substitution  of  various  func- 
tional v.roups  in  [il.ice  of  the  hydrogens  .attached  to  the  main  carbon  chain.  The 
charge  release  behavior  of  some  of  the  derivative  jiol.vmers  such  as  polyjiropy- 
leiie,  pol>  styrene,  .and  ju)  1 y t et  ra  f 1 uoroet  by  1 ene  (Tef  lon-TT-'H ) , poly(ethylene 
t crept  ha  l.at  e ) (Mylar)  were  studied  during  last  vear's  program  (Refs  2 and  1). 
lin.ally,  .a  gre.it  de.a  1 of  information  exists  which  correlates  the  jihysical 
[iropertic-s  of  polyethylene  with  its  morpholog.v.  Tlie  a va  i 1 .ah  i 1 i t >’  of  such 
information  facilit.atv  . the  interjiretat  ion  of  our  measurements. 

In  this  ch.apter,  we  first  present  a general  descrijition  of  the  relevant 
features  of  the  morphology  of  |)o  1 yet  by  1 ene  to  provide  a background  for  discus- 
sion of  the  f'-sults  of  the  rad  i at  i on- i nduced  aiul  thermally  stimulated  relaxation 
of  s.iinples  of  different  s|)ecie-'  of  this  polymer.  basically,  this  material  con- 
sist . of  the  intermingling  of  domains  of  two  phases,  one  is  crystalline,  the 
second  .imorpfious. 
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I tu'  propc  ft  u's  ot  ,1  p.iveii  kind  o<‘  po  I yet  h>’ I I'lic  ;ire,  to  a );ood  a[)|)ioxima- 
t ion,  .1  ^eij’hled  averap.c  of  the  jiropi' ft  i es  of  the  ersstalline  and  amorphous 
phao's.  The  most  important  sinp.le  parameter  eha  raet  cr  i z i nji  the  state  of  the 
polymer  i ■-  the  determination  of  its  relative  depree  of  c rys  t a I 1 i n i t y , i.c., 
the  ueiyht  fraetion  of  the  eryst.illine  domains. 

Ihe  third  section  of  this  chapter  jiresents  our  data  on  the  determination 
ot'  t lie  tractional  c r>st  ,i  I I i n i t y for  tin-  sam|)|es  e.\am  i neii . Part  of  the  relaxa- 
tion ot  persistent  inti-riial  fii'lds  is  ascribed  to  molecular  motion.  Therefore, 
to  voi  relate  charye'  tra|ipiny  or  il  i po  I e alignment  witli  morphology,  a knowledge 
ot  those  transitions  at  which  significant  molecular  motion  occurs  is  important. 
Ihe  fouit  h section  of  this  chapter  ilescrihes  the-  relevant  phase  transitions  in 
pol  yet  hy  I e-ne  which  mark  this  mo  1 ecu  1 .i  r motion. 


2.2  MORPHOLOGY  OF  POLYETHYLENE 


I he’  current  l>'  acce'])te'd  model  for  the  structure  of  iiol)’ethylenc  is  that  of 
a material  ceimprising  two  jihases  (Refs  .G  and  (> ) . A schematic  diagram  showing 
the  '.t  riictiire’  of  the  polymer  is  given  in  figure  1.  One  phase  is  crystalline, 
in  which  the-  |)ol>iiier  ch.iitis  are  aligneel  in  lamellae.  The  thickness  of  these 
lamellae  are  ty]iically  of  the  order  of  100  to  .TOO  .A.  Each  iiolymer  module, 
whose  extt’iuied  length  is  an  ordi’r  of  magnitude  or  more  than  this  dimension,  is 
typically  folded  hack  upon  itself  man>-  times  to  form  parallel  chains  in  the 
same  lamella  (figure  Ic).  The  chain  axes  are  perpendicular  to  the  surface  of 
the  lamella.  The  |)olymer  typically  crystallizes  about  nucleation  centers 
into  sjiherical  volumes  which  are  demoted  spherulites  (figure  la).  The 
lamellae  are  arra>ed  raidall.v  out  from  the  nucleation  center  such  that  the 
normal  to  a lamilla  and  tu  the  axes  of  the  jiolymer  chains  are  perjiendicular 
to  the  spherulite  radii  (figure  Ih).  These  radial  chains  are  called  fibrils. 
Between  the  lamellae  are  noncrystalline  regions  comprised  of  jiolymer  chains 
that  cannot  entti'  into  the  crystalline  lattice  (figure  Ic).  The  molecular 
chains  in  the  amorphous  domains  are  arranged  in  random  fashion  characteristic 
of  a glass  below  the  glas^;  transition  t emjierat  ure , , and  of  a viscous  liquid 

• ibove  T . The  inabilitv  of  a particular  jiolvmer  chain  to  form  jiart  of  the 
crystalline  lattice  may  be  due  to  the  dejiarture  of  all  or  jiort  ions  of  the 
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Figure  1 . 


(C) 


Schematic  diagram  showing  (a)  the  gross  structure  of  a polymer,  (b) 
the  fibril  arrangeinent  in  a single  spherulite,  and  (c)  the  orienta- 
tion of  lamellae  and  amorphous  domains  along  a single  fibril.  The 
crystallographic  axes  are  also  shown.  The  radial  direction  of  a 
fibril  is  parallel  to  the  unit  vector  a,  while  the  surface  of  a 
lamella  is  perpendicular  to  the  molecular  chains  which  are  parallel 
to  the  crysta I lographi c axis  t. 
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moU'tiilo  from  the  t nu' t iii'.i  1 rc’j;u  1 ;ir  i t y ri-quirod  for  crystal  1 i 7,at  ion 
I'ccausc  of  variation  in  molecular  size,  the  presence  of  hulky  side  such 

as  the  ethyl  |f,li  1 oi'  hut  > 1 ((i.ll^l,  or  the  |)resence  of  iinsaturatc'd  bonds . 

It  is  eviilent  that,  the  more  hiy.hl>  hranched  the  constituent  polyethylene 
molecules  are,  the  less  efficient  the  molecular  packiii};,  and  the  less  crystal- 
line IS  the  hulk  polymer  likely  to  he.  As  the  dimensions  of  a molecule  arc 

much  laryer  than  the  dimensions  of  a lamella  or  amorjihous  domain,  one  molecule 

ma\  he  part  of  several  lamellae  or  amorphous  rej>ions.  Molecules  that  pass 
throuj’h  several  di'mains  serve  to  tie  different  ]iarts  of  the  spherulite  together. 
Ihi  hulk  polymi'r  is  comprised  of  contiguous  spherulites,  all  of  which  have  the 
same  general  structure  (I'igure  la). 

O 

The  polyethvlene  unit  cell  is  ort horhomh i c , with  dimensions  a = 7.40  A, 

O O ^ 

h I.D.i  A,  and  c = J.."!!  A.  The  a a.xis  is  parallel  to  the  spherulite  fibril, 

while  the  c a.xis  is  parallel  to  the  ]>olymer  chains.  Of  course,  the  crystalline 

domains  also  contain  lattice  imperfections  such  as  strains,  vacancies,  and  dis- 
hications,  whicii  may  serve  as  trap|)ing  sites  for  s[iacc  charges  in  the  polymer. 

Underlv’ing  the  two-phase  model  is  the  assuni[>t  ion  that  each  [ihase  of  the 
I'olvniei’  h.is  distinctive  (irojierties  of  its  own  which  are  largely  indeiiendent  of 
the  presence  of  the  other  j'liase.  The  macroscopic  jiroperties  of  a randomly 
oriented  polycrystalline  polviiK-r  will  thus  he  the  result  of  the  mi.xing  of  these 
phases.  A ,.;iven  |)hysical  |iro|)ertv,  P , will  he  a weighted  mean  value  for  the 
property  of  the  crystalline  and  amorplioiis  states,  P_  and  P , such  that 

C tl 

P = w P * ( 1 - w )P  , (1) 

c c c a 

if  w is  the  weight  fraction  of  the  polvmer  that  is  c rvsta 1 1 i ne . The  fact  that 
c 

many  [lolymer  measurements  can  he  inteiqireted  in  terms  of  liquation  1 provides 

strong  experimental  support  for  the  two-phase  model.  Properties  that  reflect 

this  averaging  include  the  s[)ecific  volume,  V,  aiul  the  heat  of  fusion  Ah^., 

where  'h,.  = 0. 

la 

Anotiu’r  parameter  hy  which  crystallinity  can  he  determined  is  tlie  relative 
intensity  of  the  sharf)  lines  in  a wide  angle  x-ray  defraction  pattern  with 
respect  to  the  total  intensity  of  the  coherently  scattered  radiation,  provided 
the  crystallites  are  randomly  oriented  relative  to  the  x-ray  beam. 
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I lu'  first  moans  of  o ha  rao  t or  i z i ii),',  an  i nhomononooiis  [)olymcr  such  as  poly- 
ottnlono  is  thoroforo  its  fractional  crystallinity  . As  one  objective  of 
this  ]iroy,ram  was  to  stiuly  the  relationship  between  the  ability  of  the  model 
]K)lymor  ju)  1 yet  h>' 1 one  to  store  charj;o  and  its  mor])l)oloj;y  , t lie  determination  of 
w tor  each  sample  was  required.  Tluis,  the  saiiqiles  chosen  tor  examination  show 
a reasonable  wide  variation  in  this  ]iarameter. 

Baseil  on  a two-phase  modt'l,  one  can  envision  an  entire  S]iectrum  of  poly- 
ethelenes ranv;inc.  from  one  that  is  totally  crystalline  to  one  that  is  com|>letely 
amorphous.  In  pr.ictiei',  the  ranqe  of  crystallinities  available  in  commercial 
po  I yet  by  I enes  is  limited.  I’o  1 yet  h>  1 eiies  are  commonly  identified  by  density, 
which  is  a readily  measurable  property  relatetl  to  fractional  crystallinity  by 
I quat  ion  1.  Ihe  density  of  the  material  is  a measure  of  the  packing;  efficiency 
of  Its  constituent  moleciili’s.  It  is  eviilent  that  polymers  in  which  tliere  arc 
few  branches  |ier  unit  chain  will  he  most  dense  and  most  crystalline.  The  range 
of  molecular  structures  t'ouiid  in  a polymer  reflect  the  conditions  of  polymeri- 
zation. An  ideal  po  ly  a-t  liy  I eiie  molecule  woiihl  have  the  structure  fl.'ll  ,C'/I 
where  n is  a very  large  number  of  the  order  of  10'^  to  !()'.  In  fact,  real 
po  1 yet  hy  1 enes  are  character!  zeil  by  a distribution  of  molecular  weights  (n  vari- 
able), the  presence  of  branching,  i.e.,  ethyl  (C.,llrf  or  butyl  groups  ((;_ll.,-f 
[H'tidant  to  the  main  chain,  which  make  crystallization  more  difficult.  Also 
present  art  iminirities  such  as  the  |iolar  carbonyl  group 

0 
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introdiicetl  by  o.xidation,  and  unsaturated  bonds.  These  bonds  include  the 
vinylene  t(:il  = (;ili  fouiul  in  a main  chain,  vinyl  (ril,=(!^,  located  at  the  ends  of 
chains,  and  vinyl  idene  Hill  ft,  found  in  side  chains.  The  presence  of  such 
unsaturated  bonds  are  significant,  as  they  have  been  identified  by  Charlesby 
and  co-workers  (Ref  7)  as  sites  for  electron  trajiping. 

Ihree  general  classes  of  po 1 yet hy 1 enes  are  recognizctl  (Ref  8):  high-, 

3 

medium-,  and  low -ileus  i t y . High-density  [)o  1 yet  hy  1 enes  (d  = 0.94  g/cm  - 0.97 
g/cm^l  arc  linear,  highly  crystalline  (75  to  90T)  polymers.  The  amount  of 
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^'h.iin  hiMiK'liiiiK  is  low,  t>piially  loss  than  scvon  othyl  or  butyl  branches  per 

1000  C.  atoms.  Mini  i iim-dcMis  i t y po  1 yet  h>’ 1 one  (d  = ().92(i  g/cm'  - 0.940  g/cm'^) 

7> 

and  low  donsit>'  ju)  1 yt't hy  1 one  (d  = 0.910  g/oni'  - 0.92.')  g/cm'  ) are  more  highly 
br.nuhotl,  having  botwoon  20  to  .'SO  othyl  and  butyl  branches  per  1000  C atoms. 

The  oonoont  rat  i on  ol'  unsaturatod  bonds  in  one  of  these  polymers  is 
l>pioall>’  dotorminod  from  its  Ik  spectrum  and  reflects  the  particular  polymeri- 
c.it  ion  |irocess.  Clearly,  the  concentration  of  pendant  vinyl  idene  grou|)s  in  a 
linear  h i gh-dens  i t >•  pol>iiier  will  typicalls'  be  much  lower  than  that  in  more 
hi'anched  polymers.  On  the  other  hand,  h i gh-dens  i t >'  ])olycthyl  encs  often  have 
relatively  high  concent  rat  ions  of  terminal  vinyl  groups.  Typical  concentra- 
tions of  these  groups  for  represetit  a t i vc  series  of  po  1 yet  hyl  enes  can  be  found 
in  References  8 and  9.  On  the  average,  the  number  of  double  bonds  per  1,000 
carbon  atoms  that  ap])ear  in  both  high-  and  low-density  po  1 >'et hy  1 enes  is  of  the 
order  of  0..S  j)er  1000  C. 

2.3  DETERMINATION  OF  FRACTIONAL  CRYSTALLINITY 

In  order  to  stud>  the  dependence  of  stored  charge  effects  on  polymer 
mo  I'l'ho  I og>' , three  jk)  1 yet  hy  1 ene  samples  were  chosen.  The  first  was  a low- 
densit>-  film  maiiufact  ured  hy  (iolden  West  Nasties  (their  type  Iil016).  The 
second  was  a meil  i uni-dens  i t y film  from  the  same  sujiiilier  (their  type  W'70.3). 

The  third  ])o  1 y et h,\' 1 ene  was  a high-density  film  manufactured  by  the  Atlantic 
Richfield  Corporation  (,\RC0).  .Some  data  for  the  Colden  West  |)ol>mers  with 
T -29.^°K  was  re]K)rted  in  last  year's  Final  Report  (Ref  1). 

I he  we  i ght  - f ract  i ona  1 crysta  1 1 i n i t , w^  , has  been  determined  for  the 
three  tyjjes  of  jk)  1 yet  hy  1 ene  from  their  x-ray  diffraction  patterns,  from 
their  densities,  and  by  measuring  their  heats  of  fusion.  The  results  of 
these  det  I'rm  i nat  i ons  are  |)i’esented  in  Table  1.  To  check  the  consistency  of 
these  measurements,  results  are  normalised  to  that  of  the  low-density  (LD) 
sampli',  l.lOU). 

Die  mean  weight  - fract  ional  crystallinity,  w^_ , is  given  by 
"c  " ■ ^a'/'^'c  ■ ^a' 
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for  .1  of  specific  volume,  V',  eijua  1 to  the  reciprocal  density,  d , 

coiiip  r I s 1 nj;  .iniorphoiis  domains  with  ^ = d^'  and  crystalline  domains,  where 

\ d . I he  values  of  V aiul  V as  a function  of  temperature  have  been 
c c a c ^ 

determined  for  polyethylene.  At  2()°(!,  these  are  = 1.171  cm  /f;  and 

V ~ 1 . ou:^  em'/y  (Ref  . The  v.aliies  of  w determined  for  the  three  polyethy- 
c c 

leiK-  sami'les  stinlied,  based  on  their  densities,  are  yiven  in  Table  1.  The 
film  densities  ha\e  been  supplied  l\v  the  manufacturers. 


TABLE  1.  FRACTIONAL  CRYSTALLINITY  OF  POLYETHYLENE  SAMPLES 


CIV  flOlb 

GK  70.-5 

ARCO 

Density  (g/cm'"') 

o.yjj 

0.9.T5 

0.950 

w^  (1(1.  J) 

0 . .S 1 

0.00 

0.71 

( 1 -w^  )/[  ( 1 -w^, ) 1 ||] 

1 

0.8J 

0.69 

Heat  of  fusion,  .‘h'  (cal/g) 

J8 . 6 

,T4 . 0 

48.0 

W (I<1.  4) 

i.' 

O.ll 

0.50 

0.69 

(l-w  )/[(l-w,l  ] 

c l.ll 

1 

0.85 

0.5.5 

Normalized  coherent  x-ray 
amplitude  for  JO  = 18° 

1 

0.87 

0.61 

The  second  method  by  which  sampi 

e crystallinity 

was  determined 

was  through 

the  measurement  of  the  heat  of  fusion 

of  each  sample. 

According  to 

Wunderl ich 

(kef  ID),  the  specific  heat  at  constant  iiressurc,  c^^, 

fractional  c rvst a 1 1 i n i t v , w , is 

c 


of  a sample  with  a weight- 


c 

P 


W C + ( 1 -W  1 

c pc  c 


c 

pa 


(3) 


where  c^^^  and  c^^^  are  the  specific  heats  at  constant  pressure  for  the  amorphous 
and  crystalline  materials  and  Ah^.  = ()‘.).'l  cal/g  is  the  heat  of  fusion  of  poly- 
ethylene (Ref  11).  I he  contribution  of  the  third  term  is  significant  only  in 
the  temiierature  region  where  melting  occurs.  By  an  appropriate  choice  of 


JO 


. it 


hasi-lino,  oiu-  tries  to  eliminate  tin-  eont  r i but  ions  of  the  amor])hous  and 
irvstalline  lu'at  eapaeities  to  e near  meltine.  I'hen 

p 

iv  = All '/All  . 

C 1 t 


vvhere  Ah'  is  the  measured  heat  of  fusion.  The  most  common  choice  of  a baseline 

for  e 1 1 MU  nat  i nj;  the  contribution  of  specific  heat  li.e.,  the  first  two  terms  in 

Iquation  ) is  t>pically  chosen  to  he  the  e.xt  rapo  lat  ion  of  the  DSC  curve  above 

the  melt  to  the  temnerature  I’evion  below,  as  shown  in  figure  2.  Since  c < c , 

‘ pc  pa 

such  a jirocedure  tends  to  underestimate  the  value  of  the  heat  of  fusion.  The 
ei'i'or  is  more  significant  in  samples  of  lower  crystallinity  where  melting  occurs 
over  a wiile  range  of  temperatures.  In  fact  , a glance  at  Table  1 I'eveals  that 
c r>  st  a 1 1 i n i t>’  values  deteranined  h>  DSC  are  lower  than  those  determined  h>’  density, 
•As  expected,  the  discre[iancy  diminishes  as  the  samiile  crystallinity  increases. 

lor  determination  of  c r.vsta  1 1 i n i ty  by  x-ray  diffraction,  both  a film  and 
a d i ffractomet er  recording  was  made  of  the  Dehye-Scherrer  diffraction  pattern 
for  each  of  the  films  studied.  The  most  accurate  determination  of  crystallinity 
is  based  on  measuring  the  relative  intensity  of  the  narrow  lines  in  the  wide- 
angle  scattering  curves  due  to  llragg  scattering  from  lattice  planes  in  the 
crystalline  domains  to  the  total  coherent  scattering  intensity  (Ref  12).  The 
balance  of  the  coherent  scattering  intensity  other  than  from  peaks  comes  from 
tin  diffuse  diffraction  from  ainor[)lKius  domains  aiul  from  defects.  In  a careful 
analysis,  the  observed  intensities  must  he  corrected  for  effects  connected  with 
tin-  measurement  jirocess,  which  include  x-ray  absorption  in  the  sample,  normali- 
zation to  equal  numhi'rs  of  scattering  centers,  which  is  proportional  to  the 
surface  density  of  the  samjiles,  change  in  intensity  due  to  polarization  of  the 
beam  on  reflection,  and  a background  due  to  incoherent  Compton  scattering 
(Kef  12j.  Moreover,  the  real  dcjiarture  of  polymer  mor[)hology  from  an  idealized 
two-[)hase  model  is  also  reflected  in  the  observed  broadening  of  the  diffraction 
patterns  and  serves  to  diminisii  the  magnitude  of  the  crystalline  peaks.  These 
iinjierfect  ions  are  of  two  kinds:  those  in  which  the  size  of  the  disorder  is 

small  relative  to  the  dimensions  of  long-range  order  (i.e.,  crystallite  size), 
whii.h  incliules  the  thermal  vibrations  of  the  lattice  and  imperfections  such  as 
detect.!  or  dislocations,  and  those  which  disturb  the  long-range  order  of  the 
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TFI1PERATURE  (°K) 


Figure  2.  Differential  scanning  calorimetric  (DSC)  plot  of  heat  absorbed  as  a function  of  tempera- 
ture for  an  ARCO  high-density  polyethylene  film.  The  dashed  line  is  the  baseline 
described  in  text. 


pol>im.T  as  manit'ost  in  parai' rvst  a 1 1 i no  domains  in  which  lattice  planes  are 
mi  s;i  1 pcncd . An  oqua  1 1 >■  serious  practical  problem  arises  from  the  fact  that 
partial  a 1 i iqiment  of  the  crystallites  through  processes  such  as  uniaxial  or 
biaxial  orientation  ilurinj;  maniit'acture  changes  the  ndyve-Scherrer  pattern. 

In  consequence,  the  ohservetl  de])endence  of  the  scattered  intensity  displays 
an  acimuthal  variation  wliich  iiiust  he  accounted  for  in  an  analysis  of  relative 
intensities  of  the  crystalline  jieaks  and  amorphous  halo  (Ref  1.x). 

Dehs’e-Scherrer  diffraction  imtterns  were  obtained  for  each  of  the  three 
kinds  of  po  1 yi'Mi)- 1 ene . The  x-ray  source  was  obtained  from  a Cu  target  filtered 
by  Ni.  Ihe  iirincipal  component  of  the  x-radiation  is  thus  the  K line  of  Cu 

O 

at  I..'>1IR  A.  Hoth  a film  record  and  a d i ff  ractometer  tracing  were  obtained 
for  each  sample.  Unfortunately,  they  covered  only  a limited  range  of  azimuthal 
angles.  Subsei|uent  examination  of  the  film  showed  evidence  of  crystallite 
orientation,  probably  due  to  stretching  during  manufacture. 

lU-cause  the  complete  Debye-Scherrer  [lattern  was  not  available  for  each 
samiile,  the  relative  crystallinity  of  the  three  ]K)1  yet  iiy!  ones  was  determined 
by  an  adaptation  of  a |irocedure  develojicd  by  Krimm  and  Tobolsk)'  (Ref  14).  The 
relative  intensity  of  each  diffractometer  trace  was  determined  at  0 = 9°.  This 
corresponds  to  the  major  peak  in  the  coherent  amorphous  scattering  intensity 
and  contains  a negligible  contribution  from  scattering  by  crystallites.  The 
intensities  were  normalized  to  correct  for  the  tiifferences  in  the  samiile  thick- 
ness. The  correction  for  self  absorption  of  the  x-ray  beam  in  these  samples 
w.is  insignificant.  Since  all  the  data  were  read  at  the  same  angle,  no  correc- 
tion was  needed  i'or-  polarization  of  the  beam  tyv  the  samples.  No  correction  was 
miule  for  the  contribution  to  t lie  total  scattered  intensity  for  incoherent 
scattering,  which  was  presumed  small  (see  Figure  7>  of  Ref  14).  Based  on  the 
d 1 f f ractomet  er  data,  t lie  relative  amounts  of  amorphous  material  in  the  three 
sampli's  were  1 : 0.  87: 0.  (>1  for  the  low-medium-,  and  high-density  polyethylenes, 
respectively.  liuse  ratios  are  1:0. 82:0. (>9  from  tlie  density  data  and  1:0.85; 
0.5.1  from  the  heat  of  fusion  me.isurement  s and  thus  arc  in  reasonable  accord 
with  each  other,  given  the-  degree  of  sophistication  of  the  anals'sis.  In  fact. 

It  IS  well  known  that  the  degree  of  crystallinity  determined  for  a material 
IS  a function  of  the  measurc-ment  [iroccss.  It  is  [irobably  more  meaningful  to 
speak  of  the  rel.it  ive  c rysta  1 1 i n i t >'  of  a series  of  samples  as  we  have  done 
(Ref  15). 

( 
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( rom  the  widtli  of  the  x-ray  d i f f roct  i on  peaks,  one  can  obtain  a lower 
limit  on  the  size  of  the  crystallites  from  the  Scherrer  rel at i onsh i [)  (Ref  16). 
The  mean  ilimension  of  crystallites  normal  to  the  plane  (hkU)  is 


'hk» 


A/(AS)^ 


(5) 


v%here  A is  ;i  fieomet ry-dependent  constant  of  order  1 and  (<5SJ^  is  the  full  width 
at  halt'  maximum  of  a peak  in  units  of  the  reciprocal  space  vector 


S = 2 sin  8/ X 


f6) 


such  that 


''hk«,  ~ '2  sin  0 60 

in  terms  of  the  diffr.iction  an)>lc  9.  The  observed  peaks  are  broadened  both  by 
the  effect  of  finite  instrumental  resolution  and  by  the  distortion  of  the 
lattice  (i.e.,  uneven  siiticing  between  planes).  No  analysis  was  made  on  the 
magnitude  of  these  effects,  which  tend  to  make  tlie  apparent  crystallite  size 
smaller  than  their  actual  size.  The  observed  full  width  at  half  maximum  of  the 
(110)  line  at  0 = 10.7  decrees  is  0.2.'i  degree  for  the  low-density  sample,  0.22 
degree  for  the  medium-density  samjile,  and  0.20  degree  for  the  high-density 
s,im[)le.  These  lead  to  lower  bounds  of  the  crystallite  size  in  the  direction 

O 

[)erpend icular  to  the  (110)  plane  of  polyethylene  of  180,  204,  and  224  A, 
respect i vely. 

2.^4  CORRELATION  OF  MORPHOLOGICAL  FEATURES  OF  POLYETHYLENE  WITH  PERSISTENT 
INTERNAL  FIELDS 

An  important  objective  of  this  study  was  the  correlation  of  morphological 
features  of  the  model  polymer  with  its  ability  to  store  space  charge/polariza- 
tion. To  do  this,  the  technique  of  measuring  the  TSC  spectra  as  a function  of 
temperature  was  ado[)ted.  This  technique  has  been  shown  to  be  especially  sensi- 
tive in  detecting  the  molecular  motions  that  accompany  the  release  of  charge 
from  trapping  sites  in  [lolymers. 
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ikun  pii-si.'in  ;i  brief  ileseription  of'  the  |)ossi()le  trapping;  sites  for 

stored  elia  r,i;i-/po  1 .1  r i za  t i on  in  [>o  1 yet  hy  1 ene  and  liovv  they  may  be  affected  by 

mo  1 ecu  1 a r mot  j on  . 

Ihe  oripin  of  persisti-nt  polarization  in  polymei's  lies  in  the  ali^>nnient 
of  polar  functional  yroujis  attached  to  the  |iolymer  chains.  At  sufficiently 
low  temperatures,  this  aliy,nment  is  stable,  because  no  molecular  motion  can 
occur  to  c.iuse  d i sor  i i-ntat  i on . If  tlie  sample  temperature  is  siibseijiient  ly 
raised,  the  ensuing  molecular  motion  at  characteristic  temiieratures  marking 
phase  transitions  rela.xcs  the  polarization  with  the  release  of  image  charge 
from  the  ca[>acitor  electrodes.  As  we  tlemonst  rat  ed  last  year  (Kef  2),  one  may 
observe  a correlation  between  jic.-iks  in  the  TSC  spectrum  and  transition  tem[iera- 

tures  which  are  (piite  pronounced  in  polar  polymers.  In  such  polymers,  dijtole 

orientation  is  t ne  major  contributor  to  the  persistent  internal  fields.  The 
second  component  for  creating  internal  fields  in  polymers  is  the  trapping  of 
sjiace  charge.  Ihe  most  comprehensive  classification  of  potential  trapping 
sites  for  persistent  charge  in  ])olymers  has  been  given  by  Perlman  (Kef  17), 
which  is  largely  based  on  the  work  of  Housteail  and  Charlesby  (Ref  7),  who 
measured  the  thermoluminescent  spectra  of  gamma- i rradiated  po 1 yethy lenes  as 
a function  of  temperature.  While  concrete  evidence  for  specific  trapping 
sites  is  not  well  established,  the  classification  is  heuristic.  Primary 
trapping  sit.s  are  associated  with  individual  atoms  and  bonds.  These  sites 
include  unsaturated  lionds  such  as  the  vinyl  fCII=Cllj),  vinylcne  (□l=Cllf,  and 
vinyl idene  (C11,=C4  groups.  In  polyethylene,  these  occur  at  the  ends,  in  the 
middle,  and  on  branches  of  the  main  chain,  respectively.  I'here  are  compar- 
able groups  in  leflon  in  which  the  h>drogcn  atoms  are  rejilaced  by  those  of 
fluorine.  Secondary  traiiiiing,  sites  include  the  volume  between  neighboring 
chains  that  are  themselves  hound  together  by  van  der  Waals  forces.  One  might 
also  include  here  defects  or  voids  caused  by  misalignment  of  chains,  regions 
of  large  free  volume  in  the  amorphous  domains,  and  add  at  chain  folds  in  the 
crystalline  lamellae.  lertiary  tr.ipping  sites  include  the  boundaries  between 
crystallites  or  at  the  interfaces  between  crystalline  and  amorphous  domains. 

Aside  from  the  familiar  detrapjiing  that  takes  place  because  of  thermal 
activ.it  ion,  dctrapjiing  is  also  belicvcil  to  occur  because  molecular  motion 
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ik-srroys  the  t ra])]' i nj;  sites.  It  lias  been  arj^iieil  that  detrappiiiK  of  charges 
located  at  [irimac)'  sites  occurs  .it  tlie  lowest  t einjiera  t ures , below  the  glass 
transition  teiii|ierat  ure  H ns  destruction  of  such  sites  involves  the  motion 
111  ri'lativeli’  small  groups  of  atoms.  Sites  of  the  secoiitl  type  will  tend  to 
be  ilisrupteil  at  t emperat  u res  com[iarable  to  T^,  at  which  motion  of  largo  chain 
segments  relative  to  each  other  occur.  Destruction  of  tertiary  sites  only 
occurs  at  t eni[ierat  ures  above  T , as  the  onset  of  melting  is  approached.  At 
tlu'se  temperatures  large-scale  motion  of  entire  polymer  chains  relative  to 
one  .inothei’  occurs.  This  regime  is  also  marked  by  a rajiid  rise  in  the  polymer 
conduct i V i t y . 

Polyethylene,  because  of  its  a))]iarent  structural  simplicity,  has  often 
been  uso(.l  as  a model  polv'mer  to  study  molecular  motions  in  these  materials. 
However,  even  this  polymer  has  a highl>’  complex  structure,  as  was  discussed 
in  the  second  section  of  this  chajiter  entitled  "Morphology  of  Polyethylene", 
because  this  pol\’mer  typically  contains  two  distinct  phases,  the  variety  of 
structural  motion  observed  is  (|uite  com]ilex.  i'wo  general  classes  of  phase 
transitions  occur.  One  observes  noi-mal  first -order  transitions  that  represent 
change  of  state.  An  example  of  such  a transition  is  the  melting  of  the 
crystalline  domains  of  t lie  polymer,  which  for  s i ng  1 e-c  r\'s  t a 1 , linear  poly- 
ethylene occurs  at  about  41()“k.  Po  1 yt  et  raf  1 uo  roet  by  1 ene  (Teflon  TFF.)  shows, 
in  adtiitlon  to  crystalline  melting,  a change  in  its  crystalline  order  between 
4!)l  and  I’olymers  that  contain  an  amorphous  [>hase,  such  as  polt'ethylene, 

also  undergo  a set  of  (pias i -second-order  transitions  in  their  amorphous  phase 
which  involves  the  molecular  motion  of  increasingly  large  sections  of  the  polymer 
chains.  In  these  transitions,  state  variables  suclt  as  volume  or  entrojiy  are 
constant,  but  the  derivatives  with  respect  to  such  variables  of  the  state  func- 
tions change  d i scout  i niious  I y ; i.e.,  the  s])ecific  heat  or  the  coefficient  of 
expansion  are  discontinuous.  It  is  difficult  to  specify  precisel)'  where  these 
transitions  occur,  as  they  are  very  dependent  on  the  method  used  to  detect  them 
and  especially  the  frequency  of  the  molecular  motion  that  the  technique  probes. 

Three  transitions  are  identific-d  in  [lol  yet  hyl  ene  (Ref  18).  The  gamma 
transitiori,  whuh  typically  appears  at  11.4  to  l!i,4°K,  is  ascrilted  to  the  crank- 
shaft rotation  of  jiort  ions  of  tiie  polymer  chain  (Cll,)^^,  where  n is  =4.  There 
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1 I'viiii'tK'i-  tiuil  this  transit  ion  can  ho  ohsc’rvod  at  t ('m|ioraturos  as  low  as 
I.’^’K  with  low  1 r('>|ociK'y  imvhaniial  nicasurt'nu'nt  s (O.l  liz).  It  is  to  ho 
notisl  that  TSC  inoasii  romont  s oarriod  out  at  ratos  l°K/ininute  havo  a resolution 

oomparahio  to  inoohanioal  or  olootrioal  ( c.1  i o I or  t r i o loss)  inoa  su  romont  s at  fro- 

•) 

quono  u's  (•  10  “ llzl  (Kof  10).  Thoro  is  some  d i saj;roomont  as  to  whether  the 
j'.amma  transition  is  the  iiriiu'i|ial  ainorjihous  t rans  i t ion--tho  glass  trtinsition. 

Iho  latter  marks  the  onset  of  large-scale  coordinateil  chain  motion  in  the  mor- 
phous  phase  about  the  chain  a.xis.  It  is  usual  Iv  so  described.  hvidence  )ire- 
senti’d  in  Reference  I <S  b>’  Ho>er  points  to  ''I88°K,  which  is  not  resolved  in 
tyjiical  measiireiiR'nt  s . It  is  significant  that  the  T.Sf  sjiectra  of  oxidized  low- 
densit)  ]H)  1 yet hy 1 ones  do  not  show  such  a peak.  However,  rischer  and  Kohl 
(Kef  JO)  claim  that  the  spectra  for  1 a()l)”K  can  be  re|iresented  by  the  sum  of 

thrie  (iaussian  curves.  1 wo  ot'  thesi'  are  centeroil  at  l.'^K°K  and  J4.S°K,  resjiec- 
tivel)',  near  the  g.amma  and  beta  transition  for  this  polymer.  The  third  is 
locati'd  at  ''-J()0°k  close  to  the  theoretical  glass  transition  temperature. 

I he  jirecise  molecular  motions  marking  t lu'  beta  transition  that  is  observed 
at  JIS  to  Jri.8°k  are  also  in  dispute.  The  most  careful  assessment  of  available 
data  implies  th.it  t h i tr.insition  is  due  to  the  crankshaft  motion  of  regions 
ol'  the  polymer  ch.iin  containing  bramhes  of  the  t >'pe 

K 

I 

i 

h:ii  , ni  (ill  ,i 

where  K is  a side  g.roup  or  granch  such  as  an  ethyl  (till,^UI,k  or  butyl  (CIUCII  ,CII 
grou|)  present  in  large  numbers  in  low-ileiisity  po  1 >’et  h>' 1 encs  . 

I he  t h i rtl  commonl>  identified  transition  in  |io  I \’et  h>' 1 ene  (denoted  a],  which 
a[(|iears  at  ,^.88  to  T.h.8°K,  is  ascribed  to  the  motion  of  entire  pol>’mer  chains  in 
the  amor|)hous  domains  and  hence  will  be  most  strongl)'  [iresent  in  the  less 
crystalline  s[H‘cies  of  this  [lolyiner.  llie  jiresence  of  an  a transition  in  the 
po  1 yet  hy  I enes  studied  in  this  work  w.is  marked,  as  exjiected,  b>  discontinuities 
in  the  slope  of  the  DSC!  spectrum  that  become  more  pronounced  as  the  saiiiiilo 
crystallinity  diminished.  Ilie  small  size  of  the  s1o|H'  change  in  the  polymers 
studied  previ'iited  a highly  accurate  dr't  ermi  nat  ion  of  the  location  of  t lie  a 
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tr.in^ition.  l\o  c’stim;itr  tluil  fins  tr.insition  occurs  hctwecii  .S2J  to 

in  flu-  low-ikuis  i t \ polymcT',  lutwiTn  SJJ  to  st'.)“K  i ii  the  medium-density  s;imple, 

und  lutv^een  s_’(i  to  Ski'’K  In  the  h i yh-ilens  1 1 y sample. 

Bec.'iuse  one  pol>nier  chain  may  connect  several  amorphous  ;ind  crystalline 
domains  (cf.  Iiyiire  2),  duriny  the  ( tr.insition,  cooiierativc  motion  of  chain 
segments  in  the  cryst.illine  domains  must  also  occur,  which  leads  to  disruption 
of  the  crystalline  oialer.  In  addition,  the  phenomenon  of  [tremeltiny,  which 
involves  motion  of  chains  in  the  crystalline  domains  is  known  to  occur.  As  is 
evident  from  the  s|iecific  heat  curve  for  the  hiyh-density  polyeth\’lene 
(l  ii’.iire  2),  the  iiK'ltiny  of  this  |)ol>ii:er  is  not  sharp,  hut  occurs  over  a wide 
temperature  ranye  of  .i7S  to  4()7°K.  The  DSC  spectra  for  the  low-  ;ind  medium- 
densit>-  samples  show  that  significant  melting  in  them  occurs  from  .'577  to  .S‘)7‘’K 
and  M 7i  to  ■)().S°K,  respect  i ve  1 v . 


3.  THERMALLY  STIMULATED  CURRENT  MEASUREMENTS 
IN  POLYETHYLENES 


3.1  INTRODUCTION 

III  tills  (.'li.ipt  IT  arc  present  dl  the  results  of  the  thermally  stimulated 
euriiiit  (TSL)  iiieasuiement  s carried  out  on  a series  of  polyothylencs  configured 
,r-  c.ipacitors  of  size  i-lOd  nf,  in  which  iiersistent  space  charge/polarization 
wa  introduced  conse(|ueiit  to  burn- in.  Ihese  iiieasureiiient  s were  carried  out 
for  three  reasons.  first,  the>'  wei'e  iiiteiuleil  to  hound  the  amount  of  charge 
rele.ise  to  an  e.xternal  circuit  as  a consequence  of  the  thermally  induced  relaxa- 
tion of  the  internal  polarization  fields.  Second,  they  were  designed  to  deter- 
mine whether  the  mecliani  sms  responsible  for  persistent  cliargc/poiari  zat  ion  could 
he  related  to  particular  featuri'S  of  the  polymer  structure.  Here  the  intent  was 
to  look  tor  cor ri' la t i ons  between  significant  features  in  the  shape  of  the  TSC 
s|)ectrum  and  those  temperatures  at  which  a significant  molecular  motion  or 
structural  reorientation  takes  |ilace.  Third,  the)  were  conducted  to  provide 
data  to  asses  whetlier  the  current  released  h>'  :i  thermal  1>'  stimulated  relaxa- 
tion of  a sample  was  comparable  to  that  released  in  the  radiation  depolarization 
of  the  same  sample  charged  in  an  identical  manni-r.  fast  year  evidence  for  such 
a correlation  was  found  (Ret  2),  indicating  that  the  thermal  response  of  a metal- 
polymer  dielectric  system  containing  a stored  charge  could  be  related  to  its 
radiation  res[)onse.  Such  a correlation,  if  substantiated,  would  permit  assess- 
ment of  the  response  of  capacitors  or  cables  containing  persistent  charge/ 

|)ol  an  .at  ion  with  minimal  radiation  testing. 

The  means  by  which  the  ISf  measurements  were  carried  out  is  discussed 
brietly.  .Next,  the  c ha  rai' t er  i s t ic  s of  the  samples  are  described.  I-inall>', 
representative  TSL  data  for  the  three  tyjies  of  polyethylene  studied  are  pre- 
sented. In  ordiT  to  assess  the  final  charge  state  in  a dielectric  after  irradia- 
tion, ISi;  spectra  were  obtained  for  many  of  the  samples  exposed  to  electron 
irradiation.  These  data  are  described  in  the  fourth  chapter  of  this  rejiort , 
which  describes  t hi-  radiation  depolarization  measurements. 


3.2  EXPERIMENTAL  TECHNIQUE 


\ ik'taiU'tl  il  I sciiss  i (111  ot  the  pr  i lu- 1 p 1 c .iiul  pr.utii'c  oT  TS(.‘  moasurt'mcnt  s 
li.is  hron  pivi'ii  in  Uct'orfiuc  J.  Thcrt'I'DiH' , tin-  ]n(u.caluri’s  iiseil  .jtui  chanj^cs 
mailt-  to  t ht-  t-.xpor  i int-n  I a 1 sitiip  tor  this  vi-ar's  uork  art-  only  (jutlined. 

I’l-rs  1 --t  ont  i>o  1 a I- i -.la  t 1 on/ spac  f-i  ha  ri'.o  fit-lils  art-  ost  ah  1 i shod  in  a sample 
hv  the  simultaneous  appl  nation  of'  t omporat  ure  and  bias.  The  applied  field 
will  a 1 i >;n  t hosi-  moletiilar  dipoles  that  were  mobile  at  the  burn-in  temperature. 

It  also  eauses  the  motion  and  po  1 ar  i z.it  i on  of  internal  charges  due  to  impurities 
th.it  ire  mobile  at  the  burn-in  temperature.  These  char>>es  will  drift  toward  the 
I 1 ee  t rodes , and  man)'  are  stopped  at  [diase  boundaries  (Ref  21).  Because  the 
polimers  ai-e  i nhomo^^enous , Ma.xwe  1 1 -IVajjner  or  interfacial  polarization  also 
occurs.  When  a field  is  a[i|)lied  to  such  an  i nhomofjeneous  system,  une()ual  con- 
duction currents  flow  in  the  different  jihases  (which  have  slij'htly  different 
dielectric  constants  and  conductivities)  until  equilibrium  is  reached.  At 
equilibrium,  the  true  cuirent  tlowinj)  across  the  jihase  boundaries  becomes  con- 
stant, and  the  displacement  currents  which  cause  charge  buildup  decay  to  zero. 

(ih.irging  by  burn-in  is  an  example  of  heterocharging.  The  excess  charge 
distributions  are,  for  the  iiK'st  ('art  , intrinsic  and  bipolar.  Except  at  high 
f 11  Ids  or  with  imperfectly  contacting  electrodes,  the  .imount  of  injected  charge 
or  homocharge,  is  probabl)  ipiite  small.  Burn-in  t em]ieratures  for  these  polymers 
were  chosen  to  cover  the  i-egioiis  around  the  important  ]ihase  transitions  in 
[)o  I )'et  hv' I ene  th.it  occur  at  ,i[)prox  im.it  e 1 y M8°K,  2I.T  to  2.S.T°K,  and  .T3.T  to  .35.3°K. 
These  second-order  t r.ins  i t i ons  are  associ.ited  with  significant  coordinated 
motion  of  polymer  chains. 

After  a buni-in  time  judged  sufficient  to  reach  an  equilibrium  state, 
which  is  charac  t er  i St  ica  1 1 >■  of  the  order  of  one  hour  or  more,  the  sanqiles  are 
cooled  to  a much  lower  temperature  than  that  for  burn  in,  with  the  external 
bias  still  ai)|)lied  such  that  the  molecular  and  charge  motions  responsible  for 
creation  of  the  inteni.il  polarization  at  the  forming  temperature  cease.  The 
s))ace-cha  rge  distribution  and  dipole  or  ient.it  ions  are  frozen  in.  The  sample 
IS  then  short  circuited,  which  places  an  image  charge  on  the  electrodes  in 
order  to  cancel  the  internal  field.  Nearls  all  of  our  measurements  were  taken 
with  burn-in  voltages,  Vj^,  which  yielded  burn-in  fields  -B  across  a sample  of 
100  kV/cm. 
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Alter  the  s.iinple  is  shurteil,  the  prompt  ec'inpoiient  of  the  |)o  1 ar  i zat  i on 
fieUi  i.leea>s.  Ihesi-  an-  processes  which  have  activation  energies  corresponding; 
to  t eni[)er.it  ures  at  or  below  the  short  iiiK  temperature.  This  rel.i.\ation  is 
t\picall\  comi'lete  after  .ihoiit  an  liour  or  so.  Tlie  t empei'.it  ure  of  the  sample 
i-^  then  r.i  i sed  at  a constant  r.iti'  I r.imped ) . Ihe  e.xternal  cui'rent  evolved  as  a 
t'unction  of  temperature  is  monitored  in  oialer  to  search  for  correlations  hetween 
char)',e  mot  loti  and  molecular  motion.  this  char};e  flow  results  from  the  net 
intern. il  current  (total  solenoiilal  current)  which  flows  inside  the  capacitor. 

This  current  flow  is  the  lesult  of  the  relaxation  of  molecular  dipoles,  the 
drift  of  excess  space-  charge,  and  the  motion  of  intrinsic  carriers  responsible 
for  the  normal  coiuiuct  i v i ty  of  the  elielectric.  In  those  cases  where  jiersistent 
cha  r>;e/pol  ar  i zat  i on  was  not  comiilctely  relaxed  at  the  hiyhest  temperatures 
reached  in  the  thermal  ramp,  which  mijilit  he  limited  because  of  a desire  to 
prevent  irreversible  damage  to  a sample,  a further  isothermal  anneal  was 
carried  out  at  the  hi};hest  teni|)er;it  ure  reached  until  the  sample  was  comjiletely 
la  laxed  or  reached  a state  of  constant  current  emission. 

Ihe  electrometers  and  data  measurement  system  used  for  these  measurements 
were  essential  1>-  the  same  as  tluise  em[ilo)ed  in  last  )car's  work  and  described 
in  Reference  d.  In  order  to  study  the  TSC  behavior  of  the  polyethylene  samples 
over  a wide  ranj;e  of  temperatures  that  covered  all  of  the  significant  phase 
transitions,  ‘he  lowest  of  which  is  at  118°K,  a new  temperature  bath  was  con- 
-Jtructed  which  allowed  samples  to  he  cooled  to  temiieratiires  below  inO°K.  The 
j bath  IS  shown  schematically  in  I'igures  7>  and  4.  In  addition,  a new  thermal 

control  unit  for  generating  the  temperature  rani[)  was  constructed.  This  unit 

I 

I eni[)loyed  a copper  resistance  thermometer  as  the  rc-ference  sensor.  Such  an 

element  was  chosen  because  its  rate  of  change  ot  resistivity  as  a function  of 
tem[)(rature  is  relatively  constant  over  the  range  100  to  400°K.  I'his  constancy 
j sinijilified  the  linearization  of  its  output  as  a function  of  t em[ierature . In 

j order  to  minimize  t emjier.it  ure  gradients  across  a sample,  which  was  typically 

’ 1/H  to  1/1  inch  thick,  the  hath  itself  was  evacuated  and  filled  with  dry  helium 

gas.  I’lacing  the  pol)ethylene  sanijiles  in  -uch  an  inert  atmosphere  iirevented 
1 oxidation  of  the  polymer  at  elevated  temperatures.  Samjilc  temperatures  were 

monitored  with  a [la  i r of  (ai-(.onst  ant  an  thermocouples  whose  junctions  were 

r 

I 

. a 


ure  3-  Temperature  bath  for  carryiny  out  TSC  measurements  in  polyethylene 
samples.  All  wires  were  brought  out  through  vacuum- t i ght  feed- 
throughs. Both  the  inlet  and  the  vent  had  high-vacuum  valves  on 
them.  Leads  from  tt>e  sample  are  not  shown  in  the  drawing. 


wi^ipiunl  ill  Ift'loii  t.ipr  to  niati.il  t he  1 1'  i-osponso  to  that  oC  the  sam()le.  One 
nUKtioa  was  plaeisl  on  csuh  s uk'  ol  the  sample.  Ihe  thermoeoui)  1 es  were  cali- 
brated at  fixed  temperature  points  from  77. .xf)  to  .x7.x°k  and  were  accurate  to 
better  t tiaii  ().x°k  over  t hi’  entire  measurenu’iit  i'aiij;e.  lor  most  of  a ti-mpera- 
ture  cvcle  which  typically  ranited  from  100  to  .xK0"K  for  iiolycthyleiie,  the 
t emperat  iiri‘  >;radieiit  across  a sainjile  was  about  1 to  2 degrees,  except  at  the 
lowest  teni|ieratures  reached,  where  the  gradient  was  sometimes  as  large  as  lO^K 
for  a thick  s.imple.  Such  a gradient  was  not  as  serious  as  might  be  imagined, 
for  little  rst!  is  emitted  below  110°K. 

Ihe  characteristics  of  the  [)o 1 yet hy 1 ene  capacitors  examined  arc  given  in 
fable  2.  They  were  configured  as  capacitors  of  ■ 100  nf.  Metal  ized  electrodes 
of  aluminum  were  evajiorated  onto  one  side  of  10-foot  pieces  of  film,  about 
l-I/l  inches  wide.  Ihe  electrodes  were  about  10'^  K thick,  comparable  to  those 
placed  on  commercial  metal ized  capacitors.  Care  was  taken  to  avoid  the  heat- 
iiii',  of  a film  during  the  deposition  by  heat-sinking  that  [lortion  of  the  film 
being  metal ized.  Capacitors  were  constructed  by  winding  together  two  strips 
of  film,  one  on  top  of  the  other,  on  a thin,  flat  fef lon-Ti'b  form.  The  metal- 
ization  of  each  stri[)  was  on  the  same  relative  side  (e.g.,  face  up),  so  that 
the  ensuing  structuri'  had  alternate  layers  of  metal  ization  and  film.  Hlec- 
t lodes  were  brought  out  two  ways.  In  one,  aluminum  foil  tabs  of  1-mil  thick- 
ness were  interleaved  with  tlu'  film.  I'he  ends  of  these  tabs  were  spot-welded 
together.  This  yielded  a capa.itor  with  a low  dissipation  factor.  Samples 
with  toil  tab  contacts  have  the  letter  f in  their  identifying  code  in  Table  2. 
■fhese  capacitors  were  somewhat  fat  because  of  the  inserted  metal  tabs  which 
also  left  small  gaps  between  alternate  layers  of  film.  Therefore,  a second 
method  for  making  saiigiles  that  is  similar  to  that  used  in  the  manufacture  of 
commercial  metalized  capacitors  wi're  also  tried.  In  it,  the  metalization  was 
brought  out  to  one  edge  of  a film  strip.  The  films  were  then  wound  with 
metalized  edges  of  alternate  layers  on  opposite  sides  of  the  capacitor. 

I.eads  were  attached  to  the  samples  with  h igh-temperature  conducting  epoxy 
(hmerson  h Cummings,  Tyjie  .S()C  | placed  on  the  end  of  each  saniple.  This  arrange 
ment  made  capacitors  with  reasonably  low  dissipation  factors  that  were  apjireci 
ably  thinner  than  those  with  inserted  tabs.  However,  after  repeated  thermal 
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TABLE  2.  POLYETHYLENE  CAPACITOR  CHARACTERISTICS 
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vyiliiii'.,  till'  I'pow  t omleil  to  s(.>[ia  r;i  1 1-  I rom  the  film.  This  covered  a marked 

iitireise  in  the  d i ss  i )ia  t ion  factor  of  the  capacitor.  The  state  of  a sample 
vi,as  monitored  by  measiiriii)',  its  cajiacitance  aiul  dissipation  factor  on  an  III’ 
Automatic  C.ipac  i t ance  Bridge  hefoi'e  and  after  each  run  at  a frequency 
i>f  1 klL. 


3.3  DESCRIPTION  OF  THE  TSC  DATA  ON  POL YETHYLENES 

A quantitative  siimmars'  of  the  TS(’  measurements  on  the  three  types  of 
po  I >(t  h>  I ones  is  |)resent  ed  in  Tables  ,3  through  .S . These  tables  contain  infor- 
mation on  the  burn-in  conditions,  e.g.,  the  burn-in  temi'erature  T'j^  and  forming 

time  I 1^.  I.vcejit  where  noted,  the  burn-in  voltage,  across  each  sample  was 

chosen  to  yield  an  ap|ilied  field  of  lOO  kV/cni.  Also  included  is  the  range  of 
temperatures  over  which  each  sample  was  cycled  and  the  temiierature  at  which  a 
consequent  isothermal  anneal  w.is  carried  out.  Significant  features  of  each  TSC 
s|H'i.  t rum , such  as  a |)eak,  a shoulder,  or  a minimum  (i  0),  .ire  also  listed. 
Ttu'rmally  stimulated  currents  are  defined  as  positive  if  they  flowed  from  the 

electrode  which  was  at  the  hig.her  jiotential  during  hurn-in  to  that  at  ground, 

anil  conversel}'.  To  facilitate  a co/iiparison  between  samiiles  of  different 
ca|iac  1 1 aiice  or  samnles  that  were  burned  in  under  different  applied  fields, 
the  net  charge  released,  Q,|.,  has  been  i’X])ressed  as  a nond  i mens  iona  1 parameter, 

• I , where 


<ll’ 

cV 


11 


A 


1 I 

■ " ■ 'i, 


(8) 


for  a sample  of  ca|)acitance  C,  surface  area  A,  and  a dielectric  thickness  t, 
with  a relative  dielectric  constant  r,  burned  in  under  an  applied  voltage 
corr  I .pondi  ng  to  a field  l.|^  = convert  to  total  charge  release,  or, 

more  significantly,  charge  per  unit  area  (q),  one  can  use  bquation  8 and  the 
sani[>l'  [larameters  given  in  Table  2.  We  have  shown  se[)aratel>’  for  each  run 
(ll  the  net  eh.irgc  releasi-d  during  the  temperature  ramp  at  constant  rate 
. fRamp)  , 12)  the  net  charge  released  during  the  consequent  isothermal  anneal 
( I sot  hernia  1 ) , and  (.3)  t lu-  tot.il  charge  released  ►,j,(Total)  by  the  thermal 
atinea  1 . 


TABLE  3.  SUMMARY  OF  TSC  DATA  FOR  HIGH-DENSITY  POLYETHYLENE 


r3 

o 


E 

u 

o 


B 

03 

a: 


'y:  r3  , 


03 

ir  < 

o 

e 

o 


o 

E 


S 

03 

'A 


ro  r 1 

t I 

O O 


X 

'A 


o 

X 


'A 

to 

o o 


lO 

o 


to 

1 

o 

X 

r 1 


X 

O'. 


r. 

ro 

'•  J 0 1 

r 1 

1 

o 

1 

O 

1 1 
o o 

1 

O 

*-• 

X 

X 

X X 

X 

r 1 

•T 

O to 

o 

o 1 

O 

r 1 r 1 

r 1 

ro 

I r j 
O 1 


r 

r t 


O 
r I 


LO 

00 

o 


X 
r i 


C*. 

00 

to 

r 1 

O'. 

•> 

C-. 

04 

lO 

fO 

^ 1 

''  1 

ri 

♦> 

CO 

1 

•> 

-r 

•S 

X 

to 

o 

l 

•-f 

r—t 

to 

1 

X 

- 

00 

— ■ 

•-f 

T 

to 

^ s 

f - 

to 

0 1 

r 1 

LO 

r J 

c 

to 

p. 

c • 

p. 

lO 

P>H 

' — • 

•K 

lO 

o 

r 1 

O 

OC 

CO 

00 

r J 

OC 

o 

O'. 

r 1 

r J 

to 

1-0 

•-f  lO 

•'T 

r J 

''T 

.-H 

CN 

LO 

LO 

to 

f-H 

.-<1  to 

c’ 

r 1 

to 

to 

»■  I 

to 

) 

'T 


JC  X 
lO  o 


to 

CO 


00 

CO 


CO 

CO 

to 

I 

t • 
CTi 
f~  I 


f . — . 

to  to 


o 

0-, 


B 

CO 


O to 
o n* 
to  to 


CO 


to 

to 


0-, 

to 


o c: 

4-*  O 


03 

03*  TJ 
“O  01 
U 

Ci  3-. 


T3 


U4 

Q 


Q 

X 


00 
r j 


H 

Q 


lO 

-H  O 


o 

X 


r 1 

r J 

1 

to 

CO 

to 

o 

ON 

ON 

t - 

( • 

O'. 

ON 

o. 

CO 

CO 

00 

o 

cc 

CO 

00 

00 

to 

to 

to 

to 

to 

to 

to 

to 

ro 

to 

cc 

to 

cri 

ON 

n 


u 

o c 

w o 

*4-  -H 
03  *-1 
03 

•«/j 

>v 

03  03 


H 

Q 

X 


O 

to 


o 


O'. 

C3C 

ro 

I 

cr. 

cr. 

r J 


ON 


u 

o c 
♦->  o 

C*-.  .fH 

03  4-» 
03 
in 

>.  *T3 
03  03 

(m 

•'H 

to 


to 

a 

X 


o e 


•t^  o 

03  X 
5-  E 
O ' 


03 

X 


r- 

»•»> 

c 

Cm 

t/) 

o 

O 

O 

O 

X 

X 

o 

t— 

'X 

tL* 

C3 

X 

r*' 

*0 

'/I 

o 

o 

4-» 

r3 

o 

E 

o 

'X 

c 

u 

4-) 

.fH 

o 

'O 

c 

E 

O 

O Ui 
. o 
LO 

o o 

w 

o 

oc  +1 


Cl.  t/i 

C 

E 

•M  a. 

O O 

X3  • 

4~<  X 

c ^ 

H 

o 

0; 

CL  O 

X 

y)  L< 

4-» 

0>  0> 

X 

c.  5 

4->  (U 

L. 

CT3  4-< 

o y. 

c3 

u o 

u 

M* 

03 

yj  03 

o -o 

-M  t-< 

Oh  C 

• rl 

O CL 

C3 

> E 

(D 

03 

Cm  U 

ro  a: 

O D 

On 

M* 

o a 

11 

u ^ 

E 

C (L> 

CO  u 

O Cl 

t/)  E 

o o 

^ +J 

Cl. 

•K  O 

o 

• . 

O X 

ro 

— ' 4-> 

"O  rO 

X 

O 

03  M* 

O 

X 

U M» 

o 

03 

t-. 

E OC 

Cm  O 

C 

♦J  -F-l 

O 0) 

03  "O 

X M* 

X c 

M C 

♦-*  o 

O 

CL 

t/J  u 

Mt  t/3 

at 

CL  0) 

*-> 

Q>  L< 

O 03 

U *-• 

c:  o 

X o 

0)  X. 

0)  L> 

T3 

XJ 

in  tA 

t 03 

O Mt 

C.  O 

o 

f-H 

: ^ 

V 

CL  O 

X 

• M 

E > 

rM 

03 

O 03 

o 

(/)  Kf 

X 

• 

S LO 

o 

>»  O 

X 

to 

y)  4-» 

5 

o 

II 

a;  c 

E 

Cl 

X o 

n 

o CO 

H X3 

E 

LL  > 

fM 

(N 

4 


TABLE  4.  SUMMARY  OF  TSC  DATA  FOR  MEDIUM-DENSITY  POLYETHYLENE 


TABLE  4 (Continued) 
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In  I ii;iiriN  thi'i)u>;h  the  TS(|  specti'.'i  for  t lie  ARCt)  h i Kh-clens  i t y film 
t'lM'  d I t fireiit  hmii  in  t em|iei-;it  uies  is  shown  to  ilcmons  I rat  e the  chanp.e  in  t he 
general  'ha|U'  ol'  these  spi'ctra  as  a funetion  of  this  iin])ortant  jiarameter.  'I  he 
rSi'  lor  tin.'  other'  pol>'mer  shows  similar  trends  with  temperature;  wc  have  there- 
foro  ''.hown  only  four-  reji  resent  a t i ve  sjuetra  for  the  low-  and  raed  i urn- dens  i t y 
t'ilms  in  I iiMires  It)  thi'oui;h  la. 

Some  general  I'emarks  may  he  made  about  the  shape  of  the  TSC  spectra.  As 
lonj’,  .is  t lu'  burn-in  tem|ieiature  is  sufficiently  high  ( I'l^  ^2.sO°K  or  so),  all 
s.impU's  shew  two  jieaks  ;it  ad  22  to  la.S”k  and  'c’.Sd  to  2.S8°K.  The  polarity  of 
this  I'urrei  t flow  was  alwas's  iiositive.  l or  a given  sample,  the  magnitude, 

•hai'e,  and  location  of  these  peaks  remain  relatively  constant  for  higher  burn-in 
I empei'at  ures  if  the  apjilied  field  is  kept  constant.  The  amount  of  charge 
I'eleascd  in  tliat  jrortion  of  the  spectrum  with  T <2?.S°K  is  proportional  to  the 
,ip|)l  led  burn  in  fieUl.  If  T|^  is  diminished  below  2.S0°K,  the  magnitude  of  the 
higher  of  the  two  peaks  diminishes  and  its  centi'oid  shifts  toward  lower  tempera- 
tures fligure  () ) . At  sufficiently  low  tempcraturo.s',  thi.s  peak  essentially 
vanishes  n'i.v.ure  .'ll.  ' similar  dimini.ahing  in  the  size  of  the  lower  of  these 

two  peaks  is  also  observed  at  the  lowest  burn-in  temperature  (figure  5).  If 
1|^  Were  sufficiently  low,  this  peak  would  also  vanish.  l-'ischcr  and  Rdhl  (Ref  20) 
have  observed  the  same  lu-iiavior  as  a function  of  burn-in  temperature  in  a series 
of  low  d nsity  po  lyet  h>' 1 enes . Ive  have  shown  that  these  peaks  are  present  not 
orl>  in  low-density  polyethylene  but  also  in  the  medium-  ;md  high-density 
Vviiieties.  Although  we  have  only  examined  a limited  range  of  samples,  there 
.ippe.irs  to  be  no  correlation  between  the  size  of  these  [leaks  and  sam[ile 
c ry  s t a 1 1 i n i t y . 

The  a[)pearance  of  the  h i gh  - 1 empe  rat  ure  jioit  ions  of  the  TSC  spectra  for 
our  aimfiles  show  much  less  regularity,  (lenerall)’,  two  [latterns  were  apparent. 

In  one,  whiih  we  call  Type  I,  there  was  evidence  of  a relatively  small  but 
sharj'  peak  at  which  often  was  accon.jianieil  by  i-evcrsal;  i.c.,  the  flow 

ot  negative  current  if  the  burn-in  temper. itiire  was  less  than  that  of  this 
[iiak  ffigiires  5 and  6).  Also  evident  was  a [leak  at  '',.'^40  to  3(i0°K.  The  loca- 
tion of  both  of  these  [le.'iks  was  relativel)'  insensitive  to  the  burn-in  tempera- 
tiiri'.  llcjwever,  their  aiiijilituile  increases  as  is  increased  (cf.  Figures  7 and  8). 


■11 


Figure  5-  TSC  spectrum  of  ARCO  HD  polyethylene  burned  in  at  90  to  102 


temperature; 
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TEMPERATURE  ( K) 


Figure  9-  TSC  spectrum  of  ARCO  HD  polyethylene  burned  in  at  3^3 
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Figure  10.  TSC  for  a GW  LD  E1016  burn  ed  in  at  297 


TSC  spectrum  of  a low-density  polyethylene  sample 


ilMPERATURE 


West  Plastics  type  W703  med i um-dens i 
290°K 


SAMPLE  TEMPERATURE  (=K) 


TSC  spectrum  of  a Golden  West  Plastics  type  W703  medium-density 
polyethylene  burned  in  at  366°K 


\t  t lu-  r i-'inju’ iM  t u t'f  rt'UL' he'll  iii  a t em|)Orature  ramp,  the  TSC  current 

.liiiniii  hcil  ma  rki'il  1 >■  ami  went  to  aero  or  even  negative.  The  observed  range 
1 ' ; • I - Ramp  ) iia  s ■ I) . OS . 

lor  a relativelv  t'ew  samples  oF  each  type,  designated  Type  11,  the  shajic 
t the  high  temperature  portion  of'  the  'ISC  s[)ectrum  wa.s  s ign  i f i cant  !)•  different. 

I h 1 ■'  t >pe  of  specti'iim  appeared  when  a sample  was  burned  in  at  relativel)’  high 
t I'lnpe  rat  lire , i.e.,  I'|^  il.S4.S'’K.  The  I'SC  showed  a large  rise  above  this  tempera- 
ture that  in  some  cases  masked  the  [leak  that  tyiiically  ap|ieared  at  ''SdO  to  .SbO°K. 
rile  net  amount  of  charge  emitted  to  an  e.Kternal  circuit  was  often  cpiite  large 
where  •.|.(Rampl  0.1.  tloncom  i t an  t with  the  release  of  a large  amount  of  charge 

■ It  the  high  ramp  temperatures  was  the  iirescnce  of  a sharp  current  reversal 
(inr.itivel  at  'v29S°K  1 1 igure  9).  When  the  temiierature  ramp  was  started  above 
this  temperature,  no  evolution  of  negative  current  was  evident  (q.v.,  Figures 
JR  and  .SO  of  Reference  2).  This  large  current  emitted  at  high  temperatures 
mu:  I he  in  part  due  to  the  rela.xation  of  stored  charge  distributions  rather 
tfian  an  artifact  as  it  doe.s  not  ap/icar  in  samples  which  have  been  annealed 
and  then  heated.  This  behavior  has  been  observed  in  Mylar  capacitors  (Ref  22) 

.Old  in  copper  jacketed  (Ciijack)  Teflon  dielectric  cables  (q.v..  Section  S.-'i). 

In  most  cases,  considerable  TSC  was  being  emitted  at  the  highest  tempera- 
t 11'  reached  (.480  to  .490°K)  during  the  tenijierature  ramp.  A subsequent  iso- 
theimal  anneal  was  effected  until  the  TSC  went  to  zero.  For  some  samples  this 
current  reached  an  asymptotic  limit  and  remained  constant  or  even  started  to 
iiK  re.i  .e  after  several  hours.  The  polarit)’  of  this  persistent  current  varied 
frun;  samp  1 '•  to  sample.  Such  currents,  which  apiiear  to  be  independent  of  the 
■barging  conditions,  h.ave  been  attributed  to  a weak  electrochemical  potential 
that  arises  because  of  differences  in  the  state  of  the  electrodes  (Ref  2.'4). 
fhe  presence  of  this  current  ap|)ears  to  be  connected  with  a deterioration  of 
the  .'il'iminum  electrodes  as  a consequence  of  thermal  cycling  and  is  manifest  in 
.1  ri  .e  in  the  measured  sarnfi  I e dissipation  factor.  The  onset  of  this  current  is 
[irohahly  iiccomivin  1 ed  by  changes  in  the  state  of  the  pol)’iner.  'fhe  values  for 

■ I 1 sot  herna  1 ) pn",ented  in  fables  .4  through  .4  were  corrected  for  the  presence 
of  this  current. 
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3.4  DISCUSSION  OF  TSC  MEASUREMENTS 


I hr  ISC  ..pcrtiM  for  the  tliree  t>pes  ot’  polyethylene  stiuiieJ  are  entirely 
'.imil.ir  to  eai.  h other.  The  ottservod  '^pcctr.ii  .s)).aj)es  of  samjile.s  burned  in 
iiuUi  till-  ■..line  eoiulitioie.  tendi’d  to  he  similar.  The  values  of  r found  for 
.•Uiii  bur'n  in  eonditions  are  comparable.  If  one  had  to  rank  them  as  a func- 
tion ,)i  c r>  s t a 1 1 i n i t y it  would  proiiably  be  r,|,(lll)l  > r.j.fl.l>)  ■ k.^,(M1)),  altlioujth 
theie  IS  enouyh  tluctuation  in  tile  data  to  make  even  this  rankinji  tentative. 

't  reovi-r,  .ill  tliree  poliniers  under  the  proper  conditions  showed  both  Type  1 
ind  1 vpe  II  spectra.  The  observed  variations  between  spectra  seem  to  be  more 
sami'le  ilependent  than  moipholojiy  dci>endent  , that  is  the  construction  of  the 
s.imiiU'  has  j^reater  influence.  However,  one  can  make  some  specific  observa- 
tion on  the  relat  ionshi])  between  the  observed  k.j.'s,  the  location  of  peaks 
in  the  [lolymer  s|)ectra,  and  the  mor[iholo^y  of  jio  I yet  hy  I enes . 

he  first  jiresent  a description  of  the  behavior  of  an  idealised  electret 
under  burn  in.  In  this  we  follow  the  comprehensive  iliscussion  of  van  Turnhout 
(Kef  2t).  It  will  be  seen  that  some  aspects  of  the  depolarization  behavior 

d.i  not  follow  the  predictions  of  the  idealized  model.  An  e.xplanation  of  why 
our  measurements  show  departures  from  the  idealization  is  presented.  The 
rt.la.vat  ion  of  excess  chary.e  in  the  [lolymer  dejientls  on  many  of  the  same  factors 
that  determine  the  ordinary  ohmic  conductivity,  such  as  the  presence  of 
tr.ip|)inj;  sites  that  control  charge  motions.  These  similarities  will  be 
' I V a -st-il . 

Con.sidei'  a planar  capacitor  with  metal  ized  electrodes  subject  to  an 
applied  fieltl  at  elevated  temperature.  Kith  such  electrodes  there  are  no 
Ip  between  electrode  and  dielectric.  Under  the  applied  fieKl,  those  molecu- 
lii  lipoles  that  are  free  to  rotate  will  be  aliypied.  In  addition,  mobile 
■ :m  ( iiarjiC'  that  are  intrinsic  fin  the  sense  that  they  are  not  injected)  and 
'ijc  to  the  d I '.assoc  i at  ion  of  i iiijnir  i t i c's  )irosent  in  the  polymer  drift  under  the 
1' pi  led  tieKl  until  thev  aie  traiiped,  typically  at  interfaces  cither  between 
I h iiele  t r 1 V'  and  the  eleitrodes,  oi'  at  the  boundaries  between  the  crystal- 
liii’  and  amoriihoiis  domains  in  these  het  erojteneoiis  pol\mers.  .Such  interfacial 
c!’.ir;;inv,  is  I nown  as  .'la  xwe  1 1 - Ka^ner  polarization.  .At  a jjiven  burn-in  temitera- 
tiirv  the  particular  moleciilai'  or  sjiace-charge  motions  which  take  place  depend 


-.ii  tli'-ir  rcl.itivf  i nn'i’,  i cs  t'or  ;ut  i v.it  ioti . Typ  i c:i  1 1 y , the  orientation  of 
,,ii  1 1 .11 1 .1 1 ilipole-.  .issor  i.ii  eil  with  '.er.ineiit  a 1 eliain  motion  oeeiirs  at  ;i  lower 
r i-mpi'iM  t II  re , i.e.,  posses'^es  a lower  .letivation  eiu'rjty  than  those  conduction 
pro.  t '.SI'S  whiih  depend  on  the  motion  ot'  tin.'  free  carriers,  which  may  lie  not 
.Mill-  el.vtrons  aiul  holes  hut  also  ions  in  a polyiiK-r.  When  the  internal  pol.art- 
■ It  ion  I'.pi  i 1 i hr  1 iiiii  st.ite  is  reached  in  the  polymer,  the  sources  of  this  field 
are  t ro.-eii  ill  hy  cooliiiv;  the  saiiijile  under  hias.  Sueli  a cluirjting  process  is 
.ailed  hef  ero(  hari;  i ng  , in  that  the  interiiiil  po  1 ;i  r i 3;it  i on  field  ojiposes  the 
t. inning  field. 

I II  the  tlR-rmallv-  st  iiiin  I at  ed  current  iiie.asiirement  , the  sample  is  then  short 
. I r.  u 1 1 I'd  . 1 h i s places  image  charges  on  the  electrodes  to  make  the  aver.ige 

i-lictric  field  in  the  [lolvmer  zero.  On  heating,  molecular  motion  occurs, 
i.iiich  produci's  a solenoidal  current  in  the  dielectric  th;it  is  ecpuil  to  t he 
. .t-rnal  replacement  current.  In  tliis  model  if  has  two  components:  first, 

• 'll  M 1 ■.  the  d i sp  1 ticement  current  due  to  the  rela.\;ition  of  the  aligned  dijioles. 

we  have  sliown  last  year,  tfiese  relaxations  t>fiicall>'  occur  at  second-order 
transition  temperatures  making  coordinated  moleciiltir  motion  of  segments  of 
t 111'  polvmer  chtiiti.  The  most  imiiortant  of  these  is  the  glass  transition  tempera- 
’uri.  Second,  the  polarized  charge  distribution,  which  is  i nhomogcncous ly 
distributed  ill  the  polymer,  begins  to  reltix  under  t lie  inhomogeneous  internal 
t'leld.  I 111'  I'.' 1 a.xat  ion  [irocess  has  ti  double  temperature  dependence.  first, 

I h'  re  is  the  usual  e.xponentiil  dependence  on  temperature  of  the  mobility  of 

• ac  pa.e  charges,  which  is  determined  by  the  .ictu.itum  energy  for  detraiiping. 
'..and,  there  is  an  .idditional  t empi'rature  dependeiici-,  in  th.it  molecular  motion 
M elt'  ma>'  do'.troy  the  trapping  sites  and  enhance  the  release  ot  charge.  .'Vs 
the  - .iiiaiitor  is  kept  in  a short  circuit,  the  average  coiuliic  t i \ 1 1 y current  is 
ziro.  WhiU'  the  ni't  conduct  ion  curient  in  the  dieli'ctric  is  zero,  it  can  help 
t'/  non  r.ipidly  iii'ut  ra  1 i ze  the  initial  space-chtirge  distribution.  If  the 

• idiiiary  conductivity  is  l.irge  comptired  to  the  product  ot  the  space-charge 
im.bilit,.  and  space-charge  di'tisity,  the  obsened  contribution  to  the  external 
I eiil  .ic  ement  current  because  of  the  net  motion  of  s|iace  charge  will  be  small. 
Ihiis,  ,1  thermally  stimulated  current  spectrum  will  show  features  that  can  be 
rel.ifed  to  both  molecular  and  charge  motion  in  the  dielectrics. 


■S.S 


‘ I-  tho  i dt'.i  1 i .-(.'d  I.MSI-  of  lu't  iTiu.har^;  i iij; . t ht-  net  external  replacement 
5'ia!  llou-.  will  be  positive,  i.i.'.,  from  the  electrode  at  the  hij;her 
■ T'litia!  liirinc  burn-in  to  that  at  Iowim'  potential.  If  the  persistent  internal 
•i  '.b,  lie  due  to  hindered  dipole  motion  or  reversible  charj.',e  displacement 

,■  - : eniscop  i c distances,  then  it  van  be  represented  by  a persistent  polari- 
iMon  l'|x,t,T)  (Kef  d.b),  which  is  not  only  a function,  in  general,  of  position, 
list  also  of  time  and  temperature.  For  example,  this  approximation  is  valid  if 
• ae  d i splacement  of  space  charge  occurs  by  accimiul at  i on  of  chtirgc  at  the  inter- 
■fici's  between  crystal  line  or  amorphous  domains  after  motion  across  one  of 
t he- e domains.  Their  size  is  typically  a few  hundred  angstroms,  (cf.  Chapter 
, which  is  small  in  conijia  r i son  to  the  film  thickness.  It)  ''  cm.  The  net 
Jiarc.e  released  is,  in  general,  a function  of  the  S[iecific  temperature  ramp 
u ■ 1 during  thermal  cycling.  However,  if  the  only  contribution  to  the  persis- 
I'lit  internal  field  is  due  to  polarization,  then  the  charge  released, 

1 ,.'t|jll,  depends  only  on  the  internal  ])olari  zat  ion  and  is  independent  of 
the  rale  at  which  the  sample  is  cycled.  This  charge  given  by  laiuation  D. 

Q[t„,T(t,,)]  = f l>[x,t^,T(Tjj)]  dx  , (91 

Jo 


i.c.  , i-qual  to  the  average  value  of  tlie  polarization  times  the  area  of  the 
impb  for  a film  of  area  a and  thickness  t.  In  the  case  of  a uniform  volume 
;ii  ’ 1 ,1  r i .'.at  I on  , this  is  equivalent  to 

M‘  . (10) 

Ihe  uersist'sit  conqnirient  of  the  po  1 a r i .'.a  t i tin  1’  can  be  written 


( i n 


wht  rc  ■ and  .•  an  the  static  and  optical  values  of  the  relative  dielectric 
' III  f.iiit  . and  I is  the  applied  fieUl  at  the  hiirn-in  temperature,  T|^  = Then 


‘j[t„,T(.,^l] 


A ( K , 


)i 


0 t 


(I  - Kj, 


(12) 


In-  ! I nil  * ) i 1'  iH|ii  1 va  1 flit  to  our  r . Thus,  for  an  iiloalized  dielectric 

iliat  is  lift  erocliari',ed , i.e.,  that  has  no  macroscopic  space  char>;inn.  the  amount 

ot'  iliarp,'-'  releasfd  is  |) ropo rt  i ona  1 to  the  nonelectronic  component  of  the  polari 

ahilit>.  I he  principal  I'iiulinr,  of  our  last  year's  work  was  the  demonstration 

that  there  is  indeed  a correlation  between  and  (the  charge  released  hy 

radiation  consequent  to  tite  hurn-in')  and  . The  contribution  to  the  net 

‘ ( ) 

cliarre  released  due  to  t lu>  motion  of  internal  space  charge  tlnit  is  transported 

over  iiiacroscop  i c ilistances,  comjiarable  to  the  size  of  tlie  dielectric  film,  will 

ihcreasi'  - as  defiiual  in  l.quation  H if  compared  to 

In  fact,  polyethylene  is  a nonpolar  polymer.  Nonpolar  polymers  such  as 

this  one  have  relatively  low  concentrations  of  ionizahle  impurities  that  may 

loiiii  space-charge  ]io  I ;i  r i za  t i on  . Therefore,  one  expects  that  the  value  of  k.j. 

to  he  observed  in  a thermal  anneal  consequent  burn-in  under  ideal  conditions 

2 

will  he  small,  comparable  to  <1^-11“,  where  n is  the  o[)tical  index  of  refraction. 
Ibis  difference  is  0.01  to  '',0.0.^,  based  on  jniblished  v.alues  of  dielectric  con- 
t ant  and  indices  of  refraction  (cf.  Table  1”  of  Ref  2).  In  f;ict  , most  of  the 
measured  values  for  r,|,  given  in  Tables  7>  through  S are  of  this  magnitude.  .'\ny 
ignificant  iiicreasi'  in  i- above  the  value  is  evidence  that  significant  amounts 
of  cli.arge  have  lieeii  inji'cted  into  the  ]iolymer  (homochargel  as  observetl  for  the 
Type  II  spectra. 

The  im[)urit>’  charges  are  introduced  as  a consequence  of  manufacturing 
processes;  for  tcxamjile,  additives  are  ])ut  into  a commercial  polymer  to 
yre.ent  oxidation  or  to  cause  termination  of  the  |io  1 ymer  i zat  ion  (Ref  2(i)  . 

Under  these  circumstances,  the  observed  range  of  ► should  show  no  strong 
de|sndence  on  c ryst  .1 1 1 i n i t y . The  detailed  shape  of  the  thermally  stimulated 
Liiiient  peetra  will,  insofar  ;is  they  arise  from  the  relaxation  of  intrinsic 
p.icc-  charge,  rellect  not  only  the  impurity  concentrations,  hut  also  the 
parficiil.ir  ci  i St  r i f)ut  ions  of  trap()ing  sites,  which  de|)end  on  the  specific 
moffiho  I ogy . 


IIr'I'c  is  .1  |S’ 1 .1 1 i vr  I y st  r;i  I j^ht  1 orw.inl  i nt  erprot  at  inn  for  the  .tiajjc  of 
thi  I t fiii|Hr  at  iiri'  portion  ol  t ho  IS(!  spool  ra  for  jio  1 yet  h>' 1 one . It  has  boon 
■ houii  (Hot  20)  that  t ho  tu'ii'.in  ot  those  [loaks,  whioh  ajtpoar  at  %1.'^0°K  anci  '■2.'iS°K 
111  all  of  our  spootra,  is  Oiio  to  the  relaxation  of  molecular  dipoles,  which  are 
, i iniaril>  carhonvl  i',rou|)s  t(!=0)  attaclual  to  the  polymer  chains  as  a consetpience 
of  oxidation.  \s  the  tem]ieratui-e  of  a sample  is  increased  duriiija  a thermal  ramp, 
the  molecular  motion  concomitant  with  the  r and  h transitions  that  take  place  at 
those  t i'iii])orat  ores  cause  the  d i so  r i on  t a t i oti  of  those  di|ioles.  As  we  hav'c  shown, 
the  iiiai;n  i t udt-  of  tiu'se  peaks  is  jiropo  rt  i oita  1 to  tlie  applied  field.  This  is  to 
ho  oxiiectoi.1  for  the  charj;o  release  to  an  external  circuit  caused  by  tlie  depolar- 
ication  ot'  a uniform-volume  polarisation.  Since  such  oxidation  faults  arc  a 
fuiu  t ion  ot'  the  |iolymer  history  and  inde]iondent  of  its  crystallinity,  the  size 

■ )f  those  peaks  showed  no  correlation  with  c rys  t a 1 1 i ti  i t y . 

\o  (|uant  i t at  i ve  conclusions  can  be  drawn  between  the  crystal  1 init>’  of 

po!  > ot  h>’ 1 one  and  its  ability  to  store  trapped  chai'j^e  on  the  basis  of  hetero- 

chai'giny.  In  the  case  whore  only  hetorochargi  ng  occurs,  ' , no  external 

tharKe  injection,  the  concentrations  of  dissociable  impurities  and  dipoles  are 

purely  sample  ilejiendent.  As  we  have  remarked,  there  is  little  difference  in 

the  values  of  observed  for  samples  of  the  three  crystallinities,  burned  in 

uiidoi'  identical  conditions.  The  iirincipal  features  of  the  T.SC  siiectra  for  the 

three  type;,  of  ])o  1 )et hy  1 ones  are  similar.  Moreover,  all  three  types  of  poly- 

eth>’l<'iie  show  I'yiie  II  heliavior.  All  three  polyethylenes , being  relatively 

inhomogeneous,  possess  sufficiently  similar  morphology,  in  that  the  relaxation 

processes  that  occur  after  heterocharging  are  similar. 

he  are  not  ci'rtain  why  some  of  our  samples  I’ielded  rolativcl)'  large 

. ..  0.1  f I . e.  , 'lypi'  II  spectra).  This  corresponds  to  a cluirge  release  of 

2 

1 n(  /cm  dielcctru  surface.  I yjie  II  spectra  were  observed  onl)  for  some 

• ii.iples,  and  not  restricted  to  a |);i  rt  i cu  l;ir  type  of  polyethylene.  .Such  spectr.i 

were  observeil  only  after  hurn-in  at  a rel.atively  high  temperature  as 

the  melting  point  of  the  polymer  was  a[iproached.  The  TSC  spectra  of  these 

■ ame  samples  burned  in  at  lower  t em[it  rat  ures  .after  observing  such  an  anomalous 
re  ponse  were  not  in  themselves  anomalous,  i.e.,  they  were  fyi’e  I.  Iqually 
[111.’ . ling  IS  the  presence  of  a strong  negative  com[)onont  in  the  Type  TI  TSC 


Sb 


|u\  t r,i  at  llu-ri'  an.-  no  rt-poT-t  oil  jiliaso  transit  ions  in  polyethylene  at 

till  t iinpoi-al  lire.  Suoh  noy.ative  airronts  can  only  be  due  to  the  motion  of 
'mo>  vhar).;o  away  t'rom  it-,  iniootinjt  electrode.  l\'c  consider  it  likelv  that 
l\pi  II  spei  t r a are  cha  racf  er  i st  i c of  those  in  which  si^jnificant  amounts  of 
p.H  e ihar^i-  are  iniected  into  the  saiii|ile  | homocha  rj;  i n^ ) . Their  shajie  is 

■ imilar  to  that  obsi-rved  by  Sawa  et  al.  IRef  27)  for  samiiles  ch;irt;ed  by  h i ^h 
iield  Illicit  ion.  (dearly,  for  a nonpolar  polymer  such  as  [lo  l>et  h>' 1 ene , whose 
low  conduct  i y 1 1 >•  is  due  to  a relatively  low  concent  r;it  i on  of  char^;c  carriers 
and  di|)ole-'  aiul  the  presence  of  numerous  trajis,  homocharging  is  a much  more 
efficient  method  for  storing  persistent  charge  in  nonpolar  polymers  than  is 

■ urn-in.  I'tie  charge  that  is  released  to  an  e.xternal  circuit  as  the  consequence 

2 

of  homociia rg i ng  can  easily  be  several  tens  of  nC/cm  . Th;it  released  under 
bet  -rocha rg 1 ng  in  nonpolar  polymers  is  usually  less  than  one  hundredth  of 
till  Whether  homocharging  can  occur  under  burn- in  is  dependent  on  several 
i i.  tore.  it  IS  cleai'ly  enhanced  b>  very  high  fields  and  temperatures.  It 
also  depends  on  electrode  conditions. 

Our  saiiijiles  were  assembled  with  polymer  films  metal  ized  on  one  side  in 
a manner  similar  to  that  in  which  h i gh- re  1 i ab i 1 1 1 y Mil-spec  metal i zed-elect  rode 
■ apaiitors  are  constructed.  On  heating  these  samiiles  to  high  temperatures,  it 
1 possible  the  d i f ferent  i .i  1 thermal  e.xpansion  might  introduce  gaps  between  the 
metal  ized  electrode  and  the  unmet  a 1 i zed  side  of  the  adjacent  pol.cmer  film.  It 
Is  well  known  that  Townsend  breakdown  can  occur  under  such  circumstances,  with 
(he  concomitant  inject  ion  of  charge  into  the  sample.  Moreover,  the  electrode 
would  be  partially  blocking  because  of  the  iiresence  of  such  gaps.  In  this 
.1.0-  iKef  Jl)  It  IS  jiossible  that  a d i ffus  i on- induced  drift  of  charge  away 
t roll  the  blocking  elect  rod<-  can  occur  at  some  temperatures  which  would  produce 
the  (d)scrved  current  reversal  in  the  thi-riiiallj  stimulated  currents.  Such  an 
'•xpianaiion  without  further  measurement  on  samples  which  are  purposely  homo- 
barged  and  III  wbicii  gap-,  are  purposely  introduced  must  remain  speculation. 

Ihe  creation  of  an  interii.il  charge  state  which  results  in  a lype  11  s])ectrum, 
aiiiiot  be  '.olely  attributed  to  heterocharging,  as  burn-in  under  identical 
conditions  ot  different  samples  of  the  same  polymer  type  did  not  always  produce 
identical  s[iectra,  lype  I ty[iically  being  more  prevalent.  It  is  evident  tliat 
It  would  bi  better  to  study  the  ability  of  these  films  to  store  trapped  charge 
b\-  .(lilt  rolled  charge  injection,  i.e.,  using  electron  beams. 
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W<  m.i>  m.iki.'  SDim.'  .ulilitioii.il  rciiiiirks  .ilumt  mofpho  I oj;  i lti  1 factors  which 
1 • •Mill  the  ■.tor.i.'i  of  spin,  ('  ch.in;o  in  these-  po  1 yi-t  hy  1 |.■lu•  samples,  in  [lar- 

,il  ,i  I lie  I r re  l.it  I oii'-,h  I p to  the  l.ntor-.  that  (li'tennine  tlu-  iionnal  conductivity 
■ • ihi  I'ol.mer  ,it  the  same  temperature.  The  h i I’.h  - 1 i-mpe  I’a  t ure  portions  of  the 
■.  'i.tiuleiie  .pi-e  I r.i  c.in  he  exi'lained  in  terms  of  the  motion  of  space  chtiriic 
III  the  I'ol.N'mer.  .\hove  the  polymer  comluet  i vi  t > hejfins  to  rise  rapidly. 

' ■eirt  ot'  till  - ri--e  is  due  to  proiiu't  ion  of  charge  c.irriers  into  the  conduction 
'-Old  fron,  the  v.ilenci-  haiul  , and  from  t rajis . .■\n  additional  contribution  is  ilue 

to  l.iiye-  -c.i  U-  iiioU-ciilar  motion  that  occurs  as  the  melting  point  of  the  polymer 

appro, ulud,  which  a I •^o  ri-ailt-^  in  elet  rapji  i ng . During  the  a transition,  which 
iN'Mi.illv  oiciit'  het  ween  and  .Sa.x°K,  man>  of  the  tra|iping  sites  for  charge 

i.arriers  in  polviii'  is  are  destroyc-d.  As  we  discussed  in  Chapter  2,  these 
lie  hide  regions  of  la  lativelv  large  t'ri-e  volume  between  the  molecules  in  the 
Mihoiis  domai-i-  ot'  t h"  pol>mer,  in  defect  - in  the  crystalline  lamellae,  at 

' le-  'ioiindir>  t)etwi.i-n  tin-  cryt  illiiu  .iphe  rii  1 i t e-. , and  at  the  interfaces  hi-tween 

r;.  faliiiie  and  amorphoie-  domains  inside  tlu  sjileeru  1 i t es . 1 ho  rate  at  which 

the  I ite..  di  .appear  i --  enhanced  as  melting  begins  to  take  place  in  the 

r.-  T ill  me  I'-gion,  and  as  large-scale  molecular  motion  occurs  in  the  amorphous 
' ' . n ' f r.ins  i t I oil ) . 

Ih  ; 1'  ( '■  It'  siHb  trapping  - i t es  are  mt  -mix  im]iort  ant  in  controlling 

t-  ' i;i.jt  I II  ot'  the  impurit)  s]).ace  charge,  but  thex  have  also  been  postulated  to 

iil.i'.  .in  important  role  in  tlu  mechanisms  for  conduct  ivitx  in  polyethylene  and 
o ■ r pol.-mei  . \ccording  to  Wintle  (Ref  28 1 , the  mobility  of  long-chain 
;i. , 1 •,  r,e  I • . let'  n. lined  le.’  a combination  ot  i II  t ramo  1 ecu  1 .ir  .ind  i ntermol  ecultir 
i:i..ti):i,  .iiid  irii'iMiu'  eft'i  tr..  I he  iiuers"  m.acroscopic  mob  i 1 i t , ,i  ' . can  be 
i|  .1 1 e 1 written  .r.  tin'  sum  ot'  terms 


The  '111'  1 .s.opic  mobilitx,  . . , it.-n-lt'  ha',  two  compoiunt  Oik  is  the 

' mi-' 

lit.  ■.!  h.irge  t r.in- port  t I .iloiig  tin-  (lolx-im-r  .'hain,  |.  . 'Iho  magnitude  of 

2 ** 

t!i'  1 lit  1.1  no  1 ex  II I a I mob  i 1 1 1 >'  is  thought  to  he  1 ciir/V  -cc.  In  order  to  tr.ivel 
1 n,;er  -list.uiC'  - , X liaige  x.irritrs  must  tr.ivel  from  chain  to  chain.  As  the 


tiMn''it  ion  involves  either  tunnel  inj;  through  or  jumping  over  the  intermolceii 
lar  hari-ier,  the  miei'oscopie  mol)ilitv,  i , i s limited  by  this  tirm.  In 
this  enide  pivture,  it  van  he  shown  that  the  net  microscopic  mobility  is  of 
the  order  of 


u ■ 
mi  c 


il  + j? 
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for  a polsmer  of  characteristic  chain  fold  length  I,  separated  by  spacing  d, 
under  an  a|)plie(.l  field  1,.  Ihe  i ntermol ecu  1 ar  transition  time, 

t V ^ exp(Ai:/kn  (16) 

esc  esc  ' 

where  v 'wlO**  sec  ^ is  the  harrier  collision  frequencv  and  Ah  is  the  height 
esc 

of  the  barrier  aci-oss  which  the  charge  carriers  must  pass.  The  size  of  the 
i ntermol ecul ar  mobility  is  several  orders  of  magnitude  smaller  than 

linall)',  the  charge  carriers  that  drift  along  between  chains  may  be 
ca[itured  by  a deep  trap,  associated  with  one  of  the  morphological  features 
listed  in  Chapter  2.  In  this  case  the  inverse  trap  mobility  is  given  by  an 
e.xiiress  ion  of  the  ty])c 

^'t’r  - = v'a“  ‘-'"I’ 

m m 

for  a trap  of  the  n/*'  tyjie,  with  a mean  free  jiath  between  them  of  of  depth 
li  , and  a collision  frequency  v . 

If  the  trajis  are  sufficiently  deeji,  the  effective  macroscoiiic  mobilit) 

is  dominated  by  the  t raji-modu  1 at  ed  mobility.  As  the  tra|)[)ing  sites  are  related 

to  morphological  features  of  the  polymers,  one  can  hope  to  find  that  there  is 

a correlation  between  mor|)ho 1 ogy  and  conductivity.  In  fact , a dependence  of 

tl.c  mobility  for  conductivity  in  polyethylene  on  c ryst a 1 1 in i t > has  been  observed 

b>  Davies  (Kef  20).  He  found  that  the  mobilit.v  of  polyet  h>  lene  decreases  as  the 

- 1 0 2 , 

cry;  tal  1 inity  of  the  polymer  is  increased.  Values  of  tl.e  order  ot  10  cm  /\-se 
to  in  ' cm  /V'-sec  were  observed  at  about  corres[)ond  ing  to  activation 

energies  of  1.2  to  0.7  eV  for  high-  and  low  i.  ryst  a 1 1 i n 1 1 y po  1 yet  by  1 eiies  , 


rospci- 1 i ve  1 y . At  room  t ompcrat  urc  , tl\o  mcosurod  mobilities  arc  of  the  order 
of  10  ''  to  10  enr/V'-sec  (Refs  oO , ol)  for  low-density  po  1 yet  h>' 1 ones , values 
that  are  consistent  with  the  trends  of  the  data  of  Davies.  The  scatter  in 
Davies'  data  for  a inirticular  sami^le  are  too  great  to  see  anything  more  than 
the  trends  with  t eiii|ierat u re . Moreover,  his  measurements  begin  at  "-.'S45°K  so 
that  It  IS  not  [lossible  to  search  for  a change  ol‘  mobility  as  the  a transition 
I'Cv  urs . 

Ihe  I'l'ocesses  which  occur  during  the  polarization  of  intrinsic  Sjjacc 
chari'.e  ( het  e roch.irg  i ng ) will  be  sensitive  to  the  forming  temiierature  . Hence, 
the  corresi'oiul  mg  charge  motion  connected  with  the  relaxation  of  this  hetero- 
charge will  be  substantially  complete  at  temperatures  comparable  to  the  burn-in 
ti'mperature  1 . This  is  observed  for  lype  1 spectra.  On  the  other  hand,  charge 
injection,  homocharging,  iie]iends  more  on  the  conditions  of  injection,  i.e.,  the 
cnergj  of  the  iniC'  ted  particles  and  less  on  the  formation  temperature.  How- 
ever, the  depo  1 a r i zat  i (>n  [irocesses  dejiend  on  the  temperature-dependent  mobility 
of  the  relaxing  space  charge.  Insofar  as  this  mobilit.v  is  similar  to  that 
which  determines  normal  ohmic  coiuluction,  i.e.,  controlled  by  trapping,  one 
expects  to  see  an  increase  in  the  I'SC  current  with  temperature  similar  to  the 
observed  rise  in  conductivity.  Whether  a peak  is  seen  in  the  ISC  s[)ectrum  will 
depend  on  the  highest  temperature  reached,  and  on  the  distribution  of  space 
charge  in  traps  which  is  a function  of  the  forming  temperature. 

The  concentration  of  unsatiirated  bonds  which  have  been  postulated  to  be 
possible  trapiiing  sites  in  these  jiolymers  (cf.  ITiapter  J)  is  evidently  less 
important  in  determining  the  motion  of  charge  carriers  above  .'^(H)°k.  Infrared 
spectroscopic  analysis  of  Davies'  samples  yielded  the  concentrations  of  unsatur- 
ated bonds.  This  analysis  shows  that  low-densit>'  polymer  samples  which  have 
the  highest  mobilities  at  a given  temperature  also  have  a higher  concentration 
of  unsaturated  bonds.  Without  invoking  this  spect rosco[) i c evidence,  Davies 
ha;,  .attributed  the  observed  dependence  of  mobility  on  c r s s t a 1 1 i ni  t y to  the 
presence  of  barriirs  against  coruhiction  which  serve  as  ti-apjung  sites.  These 
sites  are  identifieil  with  the  boundaries  of  crystallites  at  the  interfaces 
between  crystalline  and  amorphous  domains. 


()0 


In  onli'f  to  assess  the  t'aetors  whirl)  determine  the  shai)e  of  the  ISC 
speeti'a  for  T ■S()()°K,  it  is  useful  to  eompare  our  liata  to  those  obtained 
after  eharj;in^;  by  a variet)  of  methoils.  These  are  presented  in  Table  b. 

Ineluded  is  the  method  f)>r  eharginp,  t lu’  location  of  peaks  in  the  TSC  spectr.i, 
and,  where  calculated,  the  activation  ener,i;>-  corresponding  to  detraj)ping  for 
each  of  these  jieaks.  The  majorit)’  of  the  data  is  for  the  depolarization  of 
persisti'Ut  internal  fieUls  created  by  homocharging,  i.e.,  the  injection  of 
extrinsic  charge  into  the  hu  1 T polymer.  The  magnitude  of  the  ch.arge  released 
reflects  the  efficienc)’  of  the  inie'ctii'ii  ]irocess.  Many  of  the  spectr.i  show 
pe.aks  in  similar  positions,  which  is  indicative  of  the  fact  that  the  relaxa- 
tion processes  depend  on  specific  morphological  features  of  the  polymer,  rather 
than  the  manner  of  injection.  The  observed  jjeaks  in  thi'  TSC  spectra  fall  into 
thi'ee  groups,  located  at  about  .S2.S°K,  .^.S()°K,  and  .S80°k.  The  particula;  pe.iks 
observed  .are  related  to  the  conditions  under  which  charge  is  injected  across 
the  electrodes,  and  the  sample  temperature  and  external  bias  which  affect  their 
diffusion  in  the  sample. 

The  observed  activation  energies  for  detrapping  fall  into  two  groups,  one 
at  l.d.S  eV  .and  another  at  'vl.lS  cV.  It  is  significant  that  the  peak  observed 
at  'vS2.S°K  by  Sawa  et  al.  (Kef  27 1 is  much  stronger  in  high-density  polyeth>-- 
lene  than  in  low-density  samples.  The  activation  enei'gy  calculated  for  this 
peak  is  1.2.^  eV.  The  authors  attribute  this  peak  to  a trap  located  at  the 
inti'i-face  between  crystalline  and  amor])hous  domains.  It  is  significant  that  the 
■activation  energy  for  mobility  in  high-density  [lo  1 yet h>- 1 ene  as  found  by  Davies 
is  also  'v].2  eV.  'The  latter  jiostulates  a similar  origin  for  this  trap.  It  i .s 
relevant  to  note  that  .'S23"K  is  close  to  the  temperature  at  which  the  onset  of 
the  n transition  occurs.  The  transition  is  marked  by  l.irge-scale  motion  of 
jiolymer  chains  in  the  amorphous  domains,  which  must  also  intluence  the  cTi.un 
segments  lying  in  the  crystalline  dtimains. 

There  is  no  direct  evidence  for  the  origin  of  the  peaks  appearing  at  high 
temperatures,  i.e.,  at  and  MO°K.  As  the  temj'eratiire  is  r.iised  above 

.^Ml’K,  melting  of  the  crystallites  begins  to  occur.  This  would  rele.ise  further 
charge  if  ;i  signific.ant  fr.iction  of  traps  were  located  in  defects  associated 
with  the  crystalline  domains.  In  addition,  the  effect  of  thermal  activation 
in  r«' I easing  charge  cai’iiei’s  cannot  be  discounted. 
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Authors  claim  that  while  many  peaks  were  observed,  only  three  activation  encrj;ies  were  found. 

In  Reference  34,  they  state  that  the  TSC  spectrum  for  el ec*: ron-charged  polyethvlene  was  similar 
to  that  for  corona-charged  samples  (Ref  52). 


C'ri'swoll  ct  al.  fRcf  ,'?2)  cum- 


in an  i nt  c'rost  i ng  sc'rii'S  of  mc'asu  I'c'iiicnt  s , 
liaroil  till'  relative'  ability  of  a series  of  jiu  1 yet h>' 1 enes  to  store  charge  by 
ineasui'ing  the  decay  of  surface  charge  as  a function  of  tc'rnperature.  They 
found  that,  as  the  molecular  regularit)'  increased,  i.e.,  as  one  went  from  a 
highlv  branched,  highlv  amorphous  polyethylene  to  a highly  linear,  highly 
crystalline  species,  the  temperature  at  which  the  S[iacc-charge  distribution 
relaxed  incre;ised.  Such  observations  are  consistent  with  the  observations  of 
navies,  in  which  he  shows  tliat  the  conductivity  of  [lo  1 yet hv  1 ene  decreases  with 
increasing  c rs'st  a 1 1 i n i t y as  marked  by  an  increase  in  the  mean  activation  energy 
of  the  mobility  from  O.S  eV  to  1.2  eV. 

In  an  inhomogeneous  material  such  as  polyethylene,  there  are  undouhtedl)' 
a series  of  traps  that  control  the  motion  of  charge  carriers  in  the  polymer, 
lixcept  for  the  ]H)Ssihle  association  of  one  with  an  energy  of  about  1.2  c\', 
with  the  interface  between  crystalline  and  amorphous  domains,  no  precise 
identification  of  an,v  of  the  others  has  been  made.  The  cpialitative  difference 
in  the  shape  of  the  'I'yi'e  I and  Type  11  spectra  may  reflect  tlie  fact  that  dif- 
ferent charge  carriers  are  injected  by  homocharging  as  opjiosed  to  heterochargi  ng. 
It  is  'lignificant  that  nnist  of  the  Type  1 spectra  have  peaks  at  ' o50°K,  which 
IS  at  the  u[)per  end  of  the  i transition  for  this  polymer.  Such  a consequence 
IS  suggestive  of  our  assertion  that  impui'ity  space  charges  accumulate  primarily 
at  the  interface  between  crystalline  and  amorphous  domains  that  are  disrupted 
by  t tu'  molecular  motion  that  occurs  during  this  transition  and  continues  at 
higher  t emju' rat ures  as  the  crystallites  begin  to  melt.  It  is  possible,  hut 
s[)C'cu  1 at  1 ve , that  the  large  amount  of  charge  released  at  T >.SS,S°K  in  Type  II 
spectra  is  the  result  of  release  and  conseipient  motion  of  space  charge  trapjied 
in  the  c r\sta  1 1 i tes , which  are  stable  until  the  onset  of  melting  in  these 
|)o  1 ymers . 

Clearly,  further  ex[)erimentat  ion  is  needed  to  I'esolve  this  point.  Such 
experiments  should  he  carried  out  on  a set  of  polymers  which  show  a wide 
variation  not  only  in  the  degree  of  branching  hut  also  in  the  degree  of 
c ry 't a 1 1 i n i ty . This  is  necessary  so  that  one  can  try  to  separate  those 
effects  due  to  trapping  at  interfaces  or  in  amorphous  domains  and  those  due 
to  trafiping  in  crystallites. 


Since  hiirn-in  is  a relatively  inefficient  manner  of  crcatin}>  persistent 
internal  fields,  these  experiments  should  be  done  with  some  manner  of  homo- 
charjjing,  such  as  electron  injection.  A determination  should  be  made  of  the 
amount  of  trapjied  space  charge  and  its  spatial  distribution,  both  by  measure- 
ment and  by  adaptation  and  use  of  one  of  the  available  transport  codes. 
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4.  RADIATION  RELAXATION  MEASUREMENTS 


4.1  INTRODUCTION 

In  this  chajiter  we  describe  the  measurements  tliat  determined  the  charge 
released  to  an  external  circuit  as  a conse(iuence  of  the  rad  iat  i on  - i nduced 
relaxation  of  persistent  space  charge/molecular  polarization  in  a series  of 
polscthylene  capacitors.  Thes..  measurements  had  three  princijial  goals:  first, 

to  hound  the  charge  released  by  polyethylene  when  irradiated  after  burn-in. 
Second,  to  comiiare  the  I'ad  iat  i on- i nduced  charge  released  by  samples  of  a given 
polymer  type  that  contained  stored  charge  to  that  from  samples  that  were 
thermally  annealed  befoi’e  irradiation.  This  was  done  to  try  to  separate  that 
portion  of  the  response  of  such  components  due  to  the  relaxation  of  internal 
polarization  fields  and  that  portion  due  to  the  motion  of  radiation-driven 
charge  in  the  dielectric.  Third,  to  see  if  the  charge  released  by  radiation 
could  be  predicted  from  thermal  anneal  measurements.  In  addition,  thermall.v 
stimulateil  current  measurements  were  made  on  most  of  these  samples  after 
irradiation.  This  was  done  to  determine  the  magnitude  and  persistence  of 
s|iace  charge  created  in  this  [iolymer  by  fully  ])enetrating  radiation  in  sample'^ 
which  showed  their  .isymptotic  response  to  radiation. 

4.2  EXPERIMENTAL  PROCEDURE 

The  radiation  depolarization  ex]ieriments  were  carried  out  lyv  ex])osing 
samjiles  to  successive  pulses  of  lO-MeV  electrons  at  a dose  per  pulse  of 
SOU  rad(Si)  and  measuring  the  charge  released  per  unit  dose.  Irradiation 
w,'  . terminateil  when  the  S])ecific  response  of  a sample  to  radiation  became 
constant.  The  experimental  method  for  carrying  out  these  measurements  is 
esst  tit  i a 1 1 >■  that  described  in  the  197()  final  report  for  this  program  (Ref  J). 
For  reference  we  have  reproduceil  Tigure  J.S  from^hat  re]iort  (see  Figure  14). 


Figure  lA.  Experimental  configuration  for  radiation  depolarization  measurements 


Hk'  I'ropiTt  ii-s  of  t lu'  mat  t-ri  a 1 s irradiated  havo  lu-fii  listed  in  lable  2. 
Sample  eondi  t ion  i lift  prior  to  irradiation  i ■.  s»ivcn  in  lable  7.  flic  three  types 
of  110 1 vet hyl ones  irradiated  were  identical  to  those  studied  by  thermal  anneal - 
iiot-  1 ur  each  tvpe,  live  samples  were  irradiated.  Three  had  leads  attached 
to  the  metal ized  aluminum  oleet-odes  by  conduct iiiK  silver  epoxy  (designated 
tN’i’e  T.  1 and  two  had  1-mil  aluminum  foils  interleaved  between  layers  of  the 
film  for  connection  lutween  electrodes  and  external  leads  (type  T|.  The  samples 
wer  • t I rst  annealed  while  shorted  at  Sr>8'’K  for  1”  hours  to  relax  any  persistent 
charge/]H)larizat ion  that  might  have  been  present.  Three  of  the  samples  of 
each  polymer  t>])e  (two  1.  and  one  T)  were  burned  in  at  3S.'^°k  at  a , correspond- 
ing to  an  l.|^  = lOi)  kV/cm.  Two  samples  of  eacT,  tvjie  (one  f.  and  one  T)  were 
short  circuited  during  the  burn-in  and  maintained  at  the  burn-in  temperature. 
These  burn-in  conditions  were  similar  to  those  used  during  the  thermal  .innea 1 - 
ing  measurements.  It  was  not  possible  to  irradiate  all  sam])les  simultaneously, 
so  the  burn-in  times  varied  from  12  to  2b. 5 hours.  This  variation  is  not 
thought  to  be  significant,  for  at  'Tj^  = ,3.S.3°K,  these  sani[iies  had  reached  their 
equilibrium  charge  state  at  the  sliortest  burn-in  time. 

Samples  were  cooled  under  bias  to  room  temiierature  over  a period  of  about 
20  to  .30  minutes  aiul  were  left  in  short  circuit  at  room  temperature  foi'  about 
the  some  length  of  time  before  irradiation  to  eliminate  the  [iromptly  decaying 
compi'iien  s of  stored  charge  atui  polaricat  ion.  Iliese  conditions  are  similar 
to  the  procedure  followed  in  the  course  of  the  thermal  cycling  measurements. 
(ln*'ort  unat  el  >■ , near  the  end  of  the  burn-in  period,  a short  circuit  occurred 
in  the  powar  supply  whicii  provided  the  burn  in  t'ield  for  tin.  1 ow -tlens  i t v ['ol>mer 
samples  while  the)  were  still  at  the  elev.ated  burn-in  temperature.  Iherefore, 
the  responses  listed  for  the  burned-in  samples  of  this  type  (I.Ol.t.,  1. 1)1.11,  T.  lli 
are  probably  much  reduceil  from  what  they  would  have  been  if  the>  h.id  not  been 
i navi  vert  ent  1 y shorted  at  temperatures  sufficientl)  high  for  s igiii  f icatit 
relaxation  of  the  jiersistent  com[ionents  of  sptice  charge  aiki  pol.iri  ...it  ion  to 
oC‘  ur . 

h.icti  sample  was  irr.uliated  with  .3-jisec  pulses  of  40-'leV  electrons  from 
the  I ITI  elect  nni  hinac.  'Ihe  dose  per  pulse  w.as  tiboiit  KOO  rad(,Sil  This  was 
est  .abl  i shed  by  placing,  a silicon  thermistor  at  the  sample  position  between 
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TABLE  7.  SUMMARY  OF  BURN-IN  CONDITIONS  FOR  IRRADIATED  SAMPLES^ 
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of  a power  supply  failure,  these  samples  were  short  circuited  while  at 

1^  at  sometime  before  the  end  of  these  times, 
n 


()« 


-inipU'  I rr.ui  i at  1 ons  at\(,l  mc-asiir  i nj;  i t rt'sponsc . Ihc  ilosf  jict  pulse  Jiirins  a 
serie'i  of  I 1'rai.i  1 at  i ons  was  monitored  with  a foil  beam  monitor  calibrated  ap.aim.t 
the  thennistoi-.  The  charjte  releasetl  per  unit  dose  was  determined  in  two  fashions, 
riioto^raphs  of  t lie  jiulse  shape  that  represented  the  current  flowin{>  through  a 
1-k.  load  resistor  placed  across  the  cajiacitor  were  taken  throughout  the  senes 
ot'  pul  -es  for  iMch  sample.  The  current  flowing  through  the  i-ki:  load  resistor 
w.is  integrated  and  recorded.  An  active  integrator  had  been  constructed  for 
these  measuia'ment  s.  Iloweiei',  its  noise  level  in  tin.  l.inac  Ri  environment  was 
■ '.ces  iie.  Therefore,  the  ch.irge  released  jier  pulse  was  determined  with  a 
•Mssive  'iitegiMtor  consisting  of  a .s‘.)-kQ  resistor  and  a h i gh-cpial  i ty  0.1-nT 
Icl'l  'n  capacitor.  I'he  time  constant  of  this  circuit  (a  msec]  was  much  longer 
than  the  I /e  decay  time,  Rjt!  of  an>’  sani|)le  and  load  resistor.  The  output  of 
the  integrator  was  amplified  by  a Princeton  Apjilied  Research  Model  1 1 ampli- 
tiir.  Ihe  amplifier  lower  frequeno'  cutoff  was  set  at  1 llz  to  prevent  long- 
tei.  di'ift  from  at'fecting  the  output  of  the  integrator.  Its  upper  frequency 
cutrtt'  was  set  at  10'^  lie  to  miiove  e.xtraneous  h i gh- f recpiency  noise.  The 
output  of  the  amplifier  was  buffered  by  .a  line  driver  and  recorded  on  a Visi- 
cordv  r.  With  the  passive  integrator  a charge  release  )ier  jiule  of  <.S0  pT  could 
bi  I ' so  1 Veil. 

I c le  S presents  .a  (pialitative  summ.ary  of  our  results.  lor  each  sample 

we  have  listed  the  first  pulse  charge  emission  jier  unit  dielectric  surface  area 

■> 

per  unit  do'-t-  iR||),  e.xpressed  in  units  of  coulombs  jiei'  r.ad(Si)  pei‘  cm".  The 
evmptotik  response  per  unit  dose  per  unit  ( R_^  ) is  also  e.xpressed  in  the  same 
unit  ..  Ihe  net  charp.e  release  per  unit  film  area  is  given  (q,„).  I'he  net 
charge  releasevl  has  also  been  expressed  in  terms  of  the  nond imensional  parameter 
• , which  is  defined  as 

<l  A^ 


f'T'  comparison  with  the  thermal  relaxation  data  of  Chapter 
•ct  ion  of  this  chapter  entitled  "Post  - I r rad i a t i on  Thermal 
valiU'  ol  q were  calculated  by  subtracting  from  the  total 
sain[)l<'  the  product  of  its  asym|itotu  I'esponse  (R  | and  the 


and  the  third  sub 
Anneal".  The  listed 
charge  released  bv  a 
total  absorbed  dose 


TABLE  8.  RADIATION  RESPONSE  OF  CAPACITORS 


trode  at  ground  during  burn-in  to  that  at  the  higher  potential. 

The  preirradiation  arc  the  maximum  for  sample.^  of  the  .same  t>pe  burned  in  under  similar  conditions 
‘Thermal  anneal  carried  out  one  day  after  irradiation.  ^Thermal  anneal  carried  out  5(>  days  after  irradiation. 

* n 

Thermal  anneal  carried  out  28  days  after  irradiation.  ^Thermal  anneal  carried  out  oO  da>s  after  irradiation. 


0,  uas 


to  rc\K'h  oqui  librium  (I)  ).  The  k ,,  for  t ho  short  oil  samples,  whore  V.  = 

' K B 

oa  1 on  1 at od  by  ontorim;  the  value  of  for  the  buriieJ-in  samples  in  liquation  18. 
lo  relate  the  data  to  eable  responses,  it  is  to  be  noted  that  a cable  with  a 
0.1  inch  o.d.  dielectric,  comparable  to  that  of  man>’  h i j;h -((ua  1 i t y coaxial  cables 
usid  in  s>steins  such  as  missiles  and  sjiacecraft,  has  an  outer  dielectric  sui - 
face  area  of  (1.80  cm“  per  cm  of  cable  leuRth.  For  comparison,  we  have  also 
included  the  maximum  thermal  res|ionse  measured  for  each  t\'pe  of  film,  including 
ilata  from  last  year  when  available.  1 he  charge  released  by  an  irradiated  sample 
in  a consequent  thermal  anneal  is  also  given.  Ihese  data  have  also  been 
ex|iressed  in  terms  of  the  nond  i mens  i ona  1 jiarameter  k,|,  (liquation  8).  A charge 
flow  is  positive  if  from  the  electrode  at  the  higher  potential  during  burn-in 
to  that  at  ground,  in  analogy  with  the  convention  employed  in  the  I'SC  measurements. 

lo  convert  the  charge  released  per  unit  area  to  actual  charge  emitted,  one 
can  use  the  samjile  parameters  given  in  Table  .1. 

Several  ijualitative  comments  can  be  made  about  the  resjionse  of  these 
capacitors.  Ihe  shape  of  the  radiation  pulse  for  all  sani])les  except  111)1:3  was 
one  whose  amplitude  rose  more  or  less  linearl}’  during  the  l.inac  pulse  and  then 
deca>etl  with  a 1/e  decay  time,  which  was  approx  irnatel)’  K|(i(sample)  as  shown  in 
Figure  13.  For  111)1,3  the  jHilse  shape  changed  considerably  during  irradiation 
(().v.  Figure  Iba).  Its  initial  response  was  jiositive  ami  kept  rising  even 
after  the  l.inac  j'alse  eiuled ; it  then  deca>ed  slowly  with  a decay  time  >-RjC. 

As  the  irradiation  progressed,  the  signal  developed  a large  initially  negative 
com[)onents,  followed  b\'  the  long  positive  decay  as  shown  in  Figure  16b.  Ibis 
negative  conqionent  grew  larger  and  larger,  while  the  positive  component  became 
smaller.  Similar  behavior  was  seen  in  the  rad i at i on- i nduceil  relaxation  of  some 
of  the  j)oiar  polymer  dielectric  capacitors  irradiated  during  last  year's  pro- 
gram. Ibis  sam[)le  w;is  the  onl>'  one  of  1.3  examiiu'd  that  responsed  in  this 
manner. 

Ihe  initial  response  Rjj  of  a capacitor  was  almost  always  larger  than  its 
as)niptotic  res[)onse  R^.  Tyjiically,  the  charge  release  per  unit  dose  diminished 
frtjm  pulse  to  pulse  until  the  as>'mptotic  response  was  reached  after  doses  which 
ranged  fium  ) to  110  kradlSi).  In  some  cases  the  net  charge  released  jicr  pulse 
changed  sign,  although  the  sha|)e  of  the  [lulse  remained  constant.  It  can  be 
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Figure  15 


(a)  FIRST  PULSE  RESPONSE 

PRIOR  accumulated  DOSE  = 0 rads(Si) 
DOSE  THIS  PULSE  = 822  rads(Si) 

UPPER  SCALE:  200  mV/div,  100  usec/div 

LOWER  SCALE:  50  mV/div,  100  ;jsec/div 


RT- 15202 

(b)  31st  PULSE  RESPONSE 

NEAR  ITS  ASYMPTOTIC  STATE 

PRIOR  ACCUMULATED  DOSE  = 23-8  krads(Si) 

DOSE  THIS  PULSE  = 8't't  rads(Si) 

THE  STEP  RISE  ON  PULSE  IS  DUE  TO  A SPIKE 
AT  THE  END  OF  L I NAC  PULSE. 

UPPER  SCALE:  20  mV/div,  100  usec/div 

lOWER  SCALE:  10  mV/di v,  5 usec/div 


Response  of  Golden  West  medium-density,  polyethylene  type  W703, 
sample  MDTA  which  had  been  burned  in  at  T_  = 353°K,  t„  = I6h, 

V„  = 325  V,  E„  = 100  kV/cm  “ 

□ b 


% 


4 


I 


(a)  SECOND  PULSE  RESPONSE 

ACCUMULATED  DOSE  = 582  rads (Si) 

DOSE  THIS  PULSE  = 608  rads(Si) 

THE  FIRST  PULSE  RESPONSE  WAS 
ESSENTIALLY  IDENTICAL. 

UPPER  SCALE:  50  mV/div,  500  ..sec/div 

LOWER  SCALE:  20  mV/div,  20  ;isec/d!v 


(b)  50th  PULSE  RESPONSE 

ACCUMULATED  DOSE  = 27.76  krads(Si) 
DOSE  THIS  PULSE  = 63^  rads(Si) 

UPPER  SCALE:  5 mV/div,  500  usec/div 

LOWER  SCALE:  5 niV/div,  20  usec/div 


(c)  1 10th  PULSE  RESPONSE 

ACCUMULATED  DOSE  = bk.e  krads(Si) 

DOSE  THIS  PULSE  = 686  rads(Si) 

THE  SHAPE  CF  THIS  PULSE  WAS  ESSENTIALLY 
LIKE  ITS  ASYMPTOTIC  APPEARANCE,  EXCEPT 
THAT  THE  SIZE  OF  THE  POSITIVE  COMPONENT 
IS  SOMEWHAT  LARGER.  THE  AMPLITUDE  OF 
THE  NEGATIVE  PEAK  IS  ABOUT  -22  mV. 

UPPER  SCALE:  2 niV/div,  I msec/d  iv 

LOWER  SCALE:  5 mV/div,  50  usec/div 


I 


1 

Figure  16.  Response  of  an  ARCO  high-density  polyethylene  capacitor  HDE3  to 
a series  of  AO-MeV  electron  pulses.  This  sample  was  burned  in 
at  Tg  = 350”K,  tg  = I7h  25m,  Tg  = 93  V,  Eg  = 100  kV/cm. 
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si'cn  from  the  table  tliat  the  ratio  of  nmeh  larj;cr  for  the  samples 

in  v^lueh  internal  space  charjte/jio  1 a r i :at  i on  fields  iiad  been  created  by  burn-in 
compared  to  those  which  had  only  been  annealed.  The  asymptotic  response  of 
.ill  the  samples  was  fairly  uniform.  Inde|iendent  of  whether  it  had  been  burned 
in  or  not,  the  magnitude  of  this  response  was  in  the  order  of  10  C/rud-cm^ , 
with  the  e.\ce|ition  of  that  for  Illil3,  whose  behavior  was  generally  unlike  that 
of  the  other  sanijiles.  Such  a charge  release  pei'  unit  area  per  unit  dose  is 
coriipa  r.ib  1 1‘  to  that  observed  in  h i gh -qua  I i t y coa.xial  cables  with  nonjiolar  dielec- 
trics (q.v.,  Chapter  .S I . l or  the  low-  and  medium-density  annealed  samples, 

Uo/h^  ■ .S : I , while  for  the  high-density  sanijiles,  the  ratio  was  much  larger. 

This  suggests  that  .S88°K  was  not  a sufficient  1>  high  tcm])erature  to  thoroughly 
anneal  the  high-density  samples.  To  do  this,  one  must  approach  the  onset  of 
melting  to  destroy  the  interface  between  crystalline  and  anior|ihous  domains  at 
which  charge  trajqiing  can  occur.  for  this  polymer,  one  should  go  to  ’405'’K  to 
reach  such  a state.  The  average  ratio  of  the  net  charge  release  for  the 
burneil-iii  samples  to  that  for  tlie  annealed  samples  was  about  4:1  for  low- 
density  polyethylene,  which  had  been  partially  depolarised  before  irradiation, 
8..">:1  for  the  med  i urn-dens  i t >'  samples,  and  about  10.5:1  for  the  high-density 
samp  1 es . 

I.xpressed  in  terms  of  the  parameter  > , it  can  be  seen  that  the  charge 
released  during  irradiation  is  conijiarable  to  that  released  in  a thermal  anneal- 
ing in  which  ch.irge  had  been  stored  as  a conse(|uence  of  burn-in.  This  had  been 
noted  during  l.ist  year's  irradiations,  when  it  was  found  that  ► was  jiroport  iona  1 
to,  but  tyi)icall>  less  than,  ► (q.v.  l igure  25)  of  this  report.  As  exjiectod, 

► and  > are  all  smaller  than  i-  , the  relative  dielectric  constant  for  the 
po  1 \et  h>' 1 files , which  are  2.28  for  the  low-density  polymer,  2.. 50  for  the  niedium- 
dcTisity  [lolymer,  and  2.5-1  for  tlie  high-density  material.  The  projiort  i ona  1 i t y 
between  ► and  ► ^ suggests  that  the  |)resence  of  stored  charge/persistent  polari- 
zation in  met  a 1 -d i e 1 ec t r i c systems  such  as  capacitors  or  cables  may  be  deter 
mined  by  thermally  annealing  samiiles  without  going  through  e.xteiisive  radiati 
testing  excep’^  of  those  samples  which  show  an  anomalously  large  thermal  response. 

The  asymptotic  response  of  each  sample  was  judged  to  he  attained  when  the 
charge  per  unit  dose  ceased  to  change  from  pulse  to  pulse.  In  practice,  the 
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total  dose  at  which  this  state  was  reached  was  difficult  to  detorniine.  Some 
('vidence  of  space  charging  of  the  polyethylene  dielectric  by  h i j’h-cnerj’y  elec- 
trons was  observed.  When  the  cable  res]ionse  [)or  unit  dose  ceased  to  chanj>e 
ver\  much  from  pulse  to  pulse,  the  asynijitotic  state  was  a|)i')roached  by  firinj;  a 
bui''t  of  approx  i mat  e 1 >■  10  to  2.S  siiij;le  pulses  at  a rate  of  one  pulse  jier 
secoiul  or  so.  I he  first  one  or  two  pulses  of  such  a series  of  10  to  25  showed 
a '^p^'cific  response,  which  was  25  to  50".  larger  th.in  that  of  the  remainder.  A 
few  minutes  then  (.  lapsed,  during  which  time  the  tiata  was  examined  to  determine 
whether  the  cajiacitor  response  had  become  constant  before  firing  another  set  of 
jHilses.  After  the  equilibrium  state  for  a given  capacitor  was  reached,  this 
phenomenon  of  a relatively  large  first-pulse  response  followed  by  smaller 
succeeding  pulses  was  reproducible.  Such  behavior  apjiears  to  be  evidence  of 
the  fact  that  the  radiation-driven  charge  induces  a field  inside  a dielectric, 
which  diminishes  t lie  net  cable  resiunise  because  of  the  generation  of  currents 
tliat  ojij'ose  the  driven  charge  (Ref  .57).  from  our  data  it  is  clear  that  some 
relaxation  of  these  internal  fields  can  occur  in  a matter  of  minutes.  If  such 
radiat ion- induced  space  charging  could  be  made  |)ersistent,  it  might  be  possible 
to  reduce  the  radiation  response  of  a cable  dielectric  b>’  the  introduction  of 
t ra]iped  space  charge. 

1*.3  POST- IRRAJIATION  THERMAL  ANNEAL 

It  is  known  that,  if  a polymer  is  exi)osei.l  to  ionizing  radiation,  signifi- 
(..int  space  charging  of  the  dielectric  can  occur  hecause  of  trajifiing  of  the 
generated  secondary  electrons  (Ref  58).  These  S])ace-charge  fields  will  persist 
for  long  p.eriods  ot  time--of  the  order  of  several  months  after  irradiation  has 
ceased.  When  the  charging  is  by  a nonpenet  I'at  i ng  beam  of  electrons,  very  higli 
fields  may  be  built  up,  which  can  lead  to  dielectric  breakdown.  Such  charging 
has  been  observed  in  satellite  dielectric  structures  exposed  to  the  exoatmo- 
sph'  ric  electron  environment  (Ref  5).  While  continue(.l  exjiosure  to  ratliation 
of  .1  given  siiectium  and  ,at  dose  rate  tends  to  build  iiji  return  currents  tliat 
limit  space  charging,  fan  exam[>le  of  dielectric  po  1 a r i zat  i on -reiluc  i ng  railiation 
response),  the  presenci’  ot  such  persistent  trapjied  ciiarge  may  significant!)' 
alter  the  response  of  a dielectric  exposeil  to  a different  kind  of  radiation, 


c.^.,  it'  an  oli'ct  roti- charged  dielectric  is  suhsecjuent  1 y exposed  to  a gamma 
or  \-iay  pulse.  In  fact,  the  data  [uesented  in  the  previous  section  indicate 
that  pol  > <'t  liy  I ene  capacitors  that  contain  persistent  trajijied  charge/polarization 
iiuliiced  h>  hurti  in  show  a much  enl>anced  radiation  response  if  compared  to 
annea  1 ed  sjiec  i mens  . 

In  order  to  make  an  estimate  of  the  amount  of  charge  contained  in  our 
po I \ et hy 1 ene  capacitors  which  had  been  brought  to  a state  of  constant  radiation 
resiHMise  and  to  tost  for  the  [lei’s  i stence  of  this  charge,  most  of  the  irradiated 
samples  were  thermally  annealed  after  periods  ranging  from  one  day  to  two  months 
a t't  or  1 r r.ul  i at  i on . 

Ihe  lesults  of  these  measurements  arc  presented  in  Table  8,  and  Figures 
1 ~ through  19.  The  T.SC  spectra  for  the  medium-density  samples  arc  shown  in 
ligure  I",  for  the  h i gh-ilens  i t y samj'les  in  Figure  18,  and  for  the  low-density 
samples  in  Figure  19.  The  net  charge  released  has  been  expressed  in  terms  of 
the  !\ond  i mens  lona  1 parameter  r,|,  (post  irradiation),  defined  in  analogy  to 
(Iquation  18),  for  comparison  with  the  pre i rrad i at i on  thermal  anneal  charge 
response  [■  j ( pre i rrad i at  ion ) ] and  the  net  charge  release  as  a consequence  of 
irradiation  i-i^.  To  calculate  tlie  [>ost  - i rrad  i at  i on  k.^.,  was  set  equal  to  93 
colts  for  t lie  high-density  sample,  32.3  volts  for  the  medium-density  samples, 
and  207  volts  for  the  low-density  samples,  identical  to  the  values  used  for 
burn-in.  Of  course,  in  the  [lost- i rradiat ion  case,  the  samples  were  annealed 
without  any  prior  burn-in.  To  convert  these  nondimens iona 1 parameters  to 
actual  charge  release,  one  can  use  liquation  8 and  tlie  sanqilc  parameters  given 
in  Talile  2. 

Some  general  remark',  may  he  made  about  the  data.  I'irst,  the  net  charge 
released  by  tliermal  annealing  is  positive  for  tlie  medium-  and  high-density 
samjiles.  Second,  the  range  of  values  of  ( pos  t - i r radi  at  ion  ) observed  for 
these  samiiles  did  not  significantly  change  over  the  5(>  days  that  these  measure- 
ments were  carried  out,  but  seemed  to  depend  more  on  sample  type.  This  finding 
is  con.istent  with  other  data  on  the  rate  of  relaxation  of  space  charge  in 
nonpolar  polymers  at  room  t eiiiiie  rat  lire  (Kef  .39).  In  fact,  electrets  made  from 
leflon  FTI’  film  have  lives  of  several  years  (Kef  10).  Sawa  et  al.  (Ref  27) 
li.ive  stiowii  that  tlie  relaxation  of  electrons,  injected  by  the  application  of  a 
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hii;h  fxtortial  tioKl  of  1 t rap|)cd  in  polyethylene  is  very  small  over 

periods  of  several  months.  The  response  of  the  low-density  polyethylene 
samples  was  relatively  small.  No  estimate  of  the  rate  of  relaxation  of  space 
chari;e  couhl  he  made  for  these  sainjiles  as  all  of  the  data  was  taken  at  one  time. 
On  1 for  some  of  these  samples  the  net  current  evolved  was  negative. 

It  n-  difficult  to  make  any  additional  statements  about  the  trend  of  the 
data,  because  at  least  one  sample  of  a given  type  did  not  behave  quite  like 
tin-  remainder.  lor  exaiiijile,  for  a given  film  type,  the  net  charge  released  by 
the  burned- in  saiiijiles  (h|  was  on  t lie  average  greater  than  that  released  by  the 
annealed  samples  (A).  However,  the  amount  of  charge  released  by  MliT.'S  is  the 
largest  for  the  samples  of  this  type  of  polymer.  As  a group,  the  net  amount 
of  charge  released  b>  the  high-density  sainjilcs  were  greater  than  that  released 
h>-  the  medium-densit)'  samples,  again  excepting  MHldS.  finally,  those  samples 
which  show  the  largest  IlHi  1 and  liHli.i,  were  those  exposed  to  the  largest 

doses  of  radiation.  It  would  he  interesting  in  any  forthcoming  dielectrics 
program,  es|iecially  one  addressed  to  stud\  ing  t rap[ied-charge  effects,  to  make 
a more  areful  study  of  charge  builduii  as  a function  of  dose  to  determine  the 
approach  to  an  eipii  librium  charge  state  atul  then  to  tletermine  th<'  rate  of 
relaxation  of  this  charge  after  irrailiation  was  ended.  Such  information  is 
crucial  in  simulating  the  res]ionse  of  dielectrics  charged  in  an  exoat mospheri c 
en v i ronment . 

The  shape  of  the  post  - i rrad  iat  ion  TSC  spectra  for  the  med  ium-iiens  i ty 
samples  are  r.imilar  to  those  observed  in  pre  i r rad  i at  ion  measurements.  In 
general,  the  IS(i  increases  with  temperature;  characteristic  peaks  or  shoulders 
are  evident  at  about  S()0°K.  Such  behavior  was  observed  in  last  year's  studios 
wh'ii  TSi!  measurements  were  made  on  this  polsmer  under  similai'  burn-in  conditions 
over  a rami)  rangi'  of  SIHI  to  J()()°K  (q.v.  figure  .SO,  Ref  2).  The  behavior  is  also 
lik>'  that  portion  of  the  1ST  spectra  for  T greater  than  SOO°K  shown  in  figure  12. 
One  sample,  MDIS,  shows  a peak  at  .S.S.S®K,  followed  b>  a decline  to  zero,  which  is 
tyi  ic.il  of  till-  spectra  for  the  majorit)  of  thermal  annealings  listed  in  lable  -I. 
Ihe  ■ imilarity  of  sha[)e  and  observed  value  of  > suggests  that  the  relaxation 
mechanisms  for  these  s.iinples  charged  either  by  hiirn-in  or  I'adiation  are  similar 
and  are  related  to  those  which  govern  normal  conduct ixity  in  the  polymer. 
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TIu'  I'SC:  s|K'ctra  ol'  tiu'  AKtX)  111)  jk)  1 vot hy  1 one  samples  taken  after  irradia- 
tion sltow  two  [lattcrns.  In  one,  the  thermally  stimulated  current  incrcas’'s 
with  temperature  until  ivl()°l\,  above  which  temperature  the  current  rise  is  much 
slower.  in  the  other  ])attern,  two  peaks  are  evident  at  .s()0  to  .370°K  and  .^78 
to  .'..'““k,  above  which  temperature  the  TSC  j;')os  to  zero.  I;vidence  of  similar 
peaks  have  been  seen  in  othei-  si)ectra  of  this  sani[)le  type  (q.v.,  Table  .S  J . The 
Hill  s sample  whose  temperature  range  was  cai'ried  to  425°K  also  shows  a peak  at 
I10°K,  comparable  to  one  seen  in  111)  po  1 yet  h>’ I one  saiii])les  charged  by  friction, 
or  posit  i ve  corona  charge. 

The  therm;ill>'  stimulated  current  spectra  for  the  low-density  [)olyethyiene 
'samples  measured  (d)  days  after  irradiation  are  the  only  ones  in  which  the  net 
I'lnitted  charge  was  negative.  In  order  to  compietel)'  depolarize  each  sample, 
the  temperature  ramp  was  carried  to  above  ■1()0°K.  'Ibis  was  beyond  the  melting 
of  the  pol>’mcr,  which  was  com]>lete  at  .'?97°K  according  to  its  DSC  spectrum.  The 
h i gh-t  emperat  lire  oscillations  seen  in  the  spectrum  of  I.IH.I  in  figure  19  are 
undoubtedly  due  to  the  ilet  e r i orat  i on  of  this  cajiacitor  as  its  melting  [loint  was 
approached.  The  spectra  all  show  peaks  between  .S75  aiul  400°K.  In  addition, 
tlure  are  smaller  jieaks  at  .440  to  .4()0°K,  a temi)en>’'uro  intei’val  where  the  pre- 
irrailiation  thermal  anneals  also  showed  prominent  peaks.  At  the  end  of  the 
temperature  ramp,  the  persistent  charge  distributions  were  compietel)’  rela.xed, 
so  no  isoth  rmal  annealings  were  cai’ried  out. 

k.k  DISCUSSION  OF  RADIATION  RELAXATION  MEASUREMENTS 

Our  observations  on  the  res['onse  of  tIu'  polviiter  samples  subjected  to 
1 r r.id  I at  i on  can  he  summarized  as  follows. 

1.  rhe  general  juilse  shape  observed  tluring  irradiation  is  one  that 
rises  linearly  with  the  l.inac  pulse  and  dec.ivs  with  a !/e  time 
k'l'  . One  sample,  lll)f,.S,  behaved  somewhat  differently,  emitting 
1 ri  l.iti'.ely  large  amount  of  chargi'  ( h ().41).  Its  pulse  shape 
‘ 111  I'd  marki’ill)  during,  the  course  of  t lu'  i r rad  i .it  i on , showing 

il.  sign  changes  hut  also  a bipolar  ch.iracter.  The  net  amount 
' released  by  this  capacitor  during  its  post  i rrad lat ion 
iiiiieilinr  without  an>’  additiiuial  hurn-in  w.is  also  large 
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2.  lor  .ill  samples,  the  net  .imount  of  charjje  released  was  much 

larjjer  for  burned-in  samples  tlian  for  those  that  were  annealed. 

The  averajte  ratio  of  K|^(hurned  i n ) (annea  1 cd  ) was  10.5:1  for 
the  h i jth-dens  i t >'  capacitors,  8.5:1  foj-  the  medium-density 
samples,  and  4:1  for  the  low-density  samples. 

.5.  for  all  of  the  sanijiles,  the  ratio  of  the  initial  response  to 

the  asymptotic  response  R^^/R^  l.  liven  for  the  annealed  samples 
R,,/R  'v.'.:!. 

I ) OO 

4.  The  high-density  samples  as  a group  rele.ased  the  largest  amount 
of  charge  when  e.x|iosed  to  a series  of  radiation  pulses  expressed 
as  the  net  charge  released  per  unit  area.  The  medium-density 
samjile  had  the  next  greatest  response.  Because  of  jiartial  depolar- 
ization prior  to  i r radi ;it ion , it  is  not  possible  to  accurately  bound 
the  radiation  response  of  the  low-densit)'  samples.  However,  they 
are  mor|>ho  1 ogi ca  1 1 >•  similar  to  the  medium-density  samples,  and 

one  expects  that  thc'ir  behavior  siiould  be  similar. 

5.  The  values  of  the  r observeil  were  to  the  range  of  values  of 

observed  for  these  same  samiiles  measured  during  the  prior  series 
of  thermally  stimul.ited  current  measurements  discussed  in 
(,'ha[)ti  5. 

().  lor  comparison  with  cable  resiionse  data  discussed  in  Chapter  5, 
th(>  obsei'ved  emitted  ch.arge  for  the  low-  and  medium-density 
samples  induced  by  radiation  consequent  to  burn-in  is  ;b2  pC/ciir, 
while  the  two  high-density  samples  released  several  hundred  pC/cm". 

Comparison  with  Tables  12  and  1.5  shows  that  the  amount  of  charge 
per  unit  area  released  as  a consequence  of  jihoton  irradiation  of 
the  TIT:  cables  and  the  Tfi;  capacitors  was  comparable  to  that 
released  by  the  low-  and  medium-density  pi7 1 yet hy 1 ene  samples. 
l.x[)ressed  in  terms  of  R^j  and  R , and  noting  that  a 1 -cm  length  of 
most  small  coaxial  cables  has  an  outer  dic'lectric  surface  area  of 

7 

1 cm“ , the  observed  range  of  first -shot  capacitor  responses  is 
coiiqKirable  to  that  seen  foi  the  three  cabU's  whose  radiation 
n.-si)onse  is  summarized  in  Table  II  (see  Chapter  5 for  tables). 
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riie  asymptotic  responses  of  tliese  capacitors  are  10  ' C/ rad , 

also  tyjiical  of  the  output  of  these  cahles  after  a radiation 
anneal ing. 

S.  In  ecpi i 1 i hi- i urn,  the  capacitor  samples  show  polarization  effects, 
i.e.,  the  radiation  field  produced  space  charging  whose  effect 
was  to  counter  the  field-driven  currents  by  generating  an  opposing 
conduction  current. 

9.  Significant  chai-ge  is  released  in  the  samples  for  doses  of 

1 krad(l’h)  per  pulse  as  a result  of  the  radiat  ion- induced  I'claxa- 
tion  of  persistent  internal  space  and  polarization  charge.  The 
state  of  uniform  radiation  response,  i.e.,  radiation  annealing, 
was  reached  after  doses  that  were  typically  of  the  order  of 
50  krad (Si  ) . 

It  is  evident  from  our  data  that  the  presence  of  persistent  internal 
polarization  and  S[iace  charge  created  as  a consequence  of  burn-in  in  the 
polymer  dielectric  enhances  the  radiation  response  of  these  capacitors. 

Clearly  the  net  charge  released  by  the  samples  that  have  been  burned  in  is 
much  larger  than  that  released  from  annealed  samples.  It  has  been  argued 
lllefs  41,  12)  that  similar  effects  can  also  be  produced  in  layered  metal- 
dielectric  structures  solely  by  the  radiation-driven  charge  if  one  jiroperly 
includes  such  effects  as  dose  enhancement  at  high-Z/low-Z  interfaces,  dejiosi- 
tion  of  charge  because  of  the  attenuation  of  tlie  radiation  beam,  the  return 
conduction  currents  that  are  driven  by  the  fields  created  by  deposited  space 
charge,  and  the  presence  of  gaps  between  interfaces.  In  fact,  all  of  the 
phenomena  observed  in  the  inconsistent  response  of  cables  and  of  our  capacitors 
can  he  simulated  under  the  projier  combination  of  radiation  S|)ectrum,  dose, 
sample  geometry  including  gaps,  and  correct  modeling  of  the  net  flow  of  charge 
in  the  dielectric.  However,  we  feel  that,  for  the  conditions  under  which  our 
irradiations  were  carried  out,  these  effects  are  not  the  principal  determi- 
nants of  the  response  of  our  samjiles.  first,  our  irradiations  were  carried  out 
with  high-energy  electrons  ('vlo  MeVj  i-ather  than  x-ray  photons.  Such  electrons 
have  a range  of  d?  cm.  As  our  sam|)les  were  typically  1-cm  thick,  ver\’  few  pri- 
mary electrons  were  stojiiied  in  the  sam|)le.  Second,  most  of  the  secondary 


(.'leotrons  emitted  have  enersics  of  1 keV  or  less  (lU-f  4.'^).  The  observed  range 
of  such  electronis  is  of  the  order  of  0.1  lun,  and  those  emitted  from  the  elec- 
trodes into  the  dielectric  will  deposit  insignificant  amounts  of  charge  or  dose 
in  the  dielectric.  There  is  also  a small  high-'nergy  component  with  energies 
of  the  order  of  10'’  eV  aiul  with  about  one-tenth  the  intensity  of  this  low- 
energy  com|ionent.  Such  electrons  will  penetrate  the  bulk  dielectric,  where 
they  will  he  stopped.  They  might  deposit  significant  additional  charge  and 
dose,  as  their  range  is  of  the  order  of  the  dielectric  thickness. 

One  cati  estimate  whether  the  secondar>’  electrons  contribute  significant 
dose  enhancement.  The  average  amount  of  energy  deposited  per  incident  primary 
electron  is  about  .1  keV  per  electron,  based  on  their  stop[)ing  power  at  these 
energies.  ihe  data  of  Ueference  l.'i  suggests  that  each  primary  electron  produces 
about  0.01  high-energy  secondary  electrons  from  a metal  like  aluminum.  This 

2 

value  decreases  markedly  as  the  thickness  of  the  metal  decreases  below  0.01  g/cm 
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In  fact,  the  thickness  of  the  metal izat ion  is  about  10  cm,  or  2.7  x 10  ' g/cm  . 
lor  type  1 sam|)les,  which  contain  1 -mi  1 aluminum  tabs,  the  surface  density  is 
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().H  X 10  ' g/cm".  This  implies  that  the  dose  enhancement  contributed  by  an 
energetic  secondary  electron  is  less  than  0.01  x 50  keV  or  0.5  keV  per  incident 
primary.  This  energy  is  small  relative  to  the  dose  delivered  by  the  primary 
beam,  and  hence  there  is  little  dose  enhancement.  Thus,  the  dose  measured  by 
an  external  uosimeter  is  close  to  that  delivered  to  the  dielectric,  provided 
that  the  differences  in  stopping  powers  are  taken  into  account.  One  finds 


lioselTh)  = f^T 


X Dose  (.Si) 


= 1.18  Dose (Si ) 

for  40-MeV  electrons  according  to  ilerger  and  Selzer  (Uef  44).  In  the  data  of 
Table  i)  we  have  not  made  this  conversion  as  we  do  not  judge  the  accuracy  of 
the  dosimetry  to  be  much  better  th;m  10-20  percent. 

One  must  still  address  the  question  of  whether  the  observed  effects  arc 
due  to  a significant  ticcumul  .at  i on  of  sptice  charge  because  of  stojiping  of 
energetic  secondary  electronics  in  the  dielectric. 


I roni  t!u'  i.lat;i  in  l.ihlc  8 it  can  lie  seen  that  the  net  resjionse  of  samples 
Mth  metal  iied  I'lectroilcs  (t>’|ie  li)  is  typical  1\-  f;reater  than  that  of  a sample 
of  the  same  ty]ie  of  film  with  foil  tabs  (t>]ie  T)  which  iitulerwent  the  same 
precoiuli  t ion  ing.  It  is  [lossihle  tiiat  this  JiffereTice  is  due  to  deposited 
space  charge  which  creates  fields  that  drive  currents  that  oppose  the  radiation 
rc'^ponse  of  the  samples.  Clearls',  the  numher  of  such  secondary  electrons 
generati'd  will  he  much  larger  in  the  type  T samples  than  in  the  type  li  samples 
hecause  the  metal  foil  is  much  thicker  than  the  meta 1 i zat ion . However,  the 
interpretation  of  our  results  is  made  difficult  in  that  we  are  looking  at  the 
net  respoii'^e  of  many-layered  structures,  of  the  order  of  'vlOO  attenuating  metal 
and  dielectric  la>ers.  The  net  response  of  these  samfilcs  is  due  to  several 
components.  I i rst  , there  is  the  relaxation  of  space  and  polarization  charges 
in  the  dielectrics.  Second,  there  is  the  contrihution  of  the  rad iat ion-dr i ven 
charge,  primarily  the  stopping  of  secoiulary  electrons  in  the  dielectric.  Third, 
there  are  the  radiation-enhanced  conductivity  currents  created  because  of  the 
presence  of  inhomogeneous  ch.irge  distributions  in  the  dielectric.  i'he  evidence 
th.at  we  have  iiresented  indicates  that  for  these  saiiijiles,  under  high-energy 
electron  irradiation,  the  predominant  effect  is  due  to  the  relaxation  of  per- 
sistent internal  fields.  Unlike  x-ra>’  irradiation,  the  total  dose  delivered 
through  the  sample  is  relativel)'  uniform.  Because  of  this,  and  hecause  we  have 
a multi-layered  structure,  the  effect  of  the  motion  of  secondary  electrons  and 
conductivity  currents  are  also  relativeli'  uniform  in  each  layer.  Therefore, 
the  net  contrihution  of  those  contributions  to  the  total  current  other  than 
that  due  to  the  relaxation  of  [lersistent  internal  fields  tends  to  cancel  when 
summed  over  the  entire  sample.  This  is  evidenced  by  the  fact  that  the  asymp- 
totic response  of  each  sample  is  smaller  than  the  initial  resjionse  and  relativel)' 
uniform  for  samjile  to  saiiijile.  Whether  the  eijuilihrium  resjionse  is  jiositive  or 
negative  ilejic'iuls  entirel)’  on  the  structure  of  the  cajiacitor,  including  the 
po^.sihillty  that  there  may  he  small  gajis  hetween  jiarticular  layers  which  will 
havi  a j> redoini nant  effect  on  determining  a samjile's  asyinjitotic  resjionse.  We 
have  remarked  that  after  comjilete  relaxation  was  achieved,  rad  i at  ion- i nduced 
jiolari  zat  ion  could  he  seen  to  diminish  the  net  resjionse  of  these  samjiles.  How- 
ever, this  was  a much  smaller  effect  than  that  due  to  relaxation  of  persistent 
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t'ioUls.  In  fact,  evcni  where  sij>nificant  dose  cnhapcement  effects  occur,  i.e., 
the  x-ray  irradiation  of  thick  met  a 1 -d  i c lect  r i c systeius  (Itef  41J,  the  effect 
of  persistent  polarization  introduced  by  manufacturing  or  handling  processes 
in  polyethylene  can  still  he  seen  to  significantly  alter  the  first  pulse 
resjionse  of  such  structures. 

The  behavior  of  sample  llDli.S  was  anomalous.  It  showed  a large  net  charge 
release  as  well  as  a signal  whose  shape  changed  from  pulse  to  pulse.  It  is 
our  judgment  that  its  behavior  was  due  to  the  presence  of  gaps  between  the 
layers  of  these  samjiles,  introduced  because  of  the  manner  in  which  it  was 
wound,  or  a consequence  of  expansion  and  contraction  during  previous  thermal 
cycling.  If  such  gaps  were  present,  burn-in  might  introduce  specific  signifi- 
cant !>•  larger  amounts  of  space  charge  into  the  polymer  because  of  breakdown  in 
them  in  a manner  described  in  Chapter  7>.  In  addition,  the  presence  of  the  gaps 
would  alter  the  radiation  rcs[ionse  of  the  capacitor  because  of  secondary  elec- 
tron range  enhancement  and  the  return  currents  which  flow  if  trapped  air  is 
[iresent . .Such  effects  have  been  postulated  to  produce  pulse  shapes  comparable 
to  those  observed  in  llDli.S  in  cables  (Kef  7>7  ] . 

It  is  significant  that  the  high-density  samples  as  a group  released  the 
largest  amounts  of  persistent  charge  consec|uent  to  burn-in  when  exposed  to 
ionizing  radiation.  We  have  noted  in  Chapter  7>  that  the  conductivity  of 
linear  high-crystallinity  polyethylenes  is  lower  than  that  for  low-density, 
low-crystallinity  forms  of  this  iiolymer.  The  stability  of  Corona-charged 
poljethylcne  electrets  is  enhanced  as  the  crystallinity  of  the  polyethylene 
is  increased.  .Such  evidence  has  been  taken  as  indication  that  the  traps  that 
detennine  charge  motion  in  these  materials  tend  to  be  deeper  than  in  the  non- 
crystalline varieties  of  polyethylene.  It  is  also  possible  that  the  concen- 
tration of  such  tra[)s  is  dependent  on  the  fractional  crystallinity.  This 
conclusion  is  implicit  on  the  results  of  Sawa  et  al.  (Ref  27).  If  this  were 
true,  then  one  might  find  that  high-density,  high-crystallinity  samples  are 
able  to  store  more  |)ersistent  charge.  While  the  data  of  Table  8 suggests 
this  fact,  more  measurements  need  to  be  undertaken  to  determine  whether  our 
results  really  reflect  a morphological  property  of  the  polymer  or  are  sample 
dejiendent  . In  particular,  it  would  be  interesting  to  perform  a series  of 
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i\\|HT  niH'iit  s in  which  the  cliar^c  storage  i)ropcrtics  of  a given  type  of  poly- 
eth>'lt'ne  are  -Uiidicil  by  varsing  its  crystallinity  by  various  thermal  treatments. 

Ideal  !>■,  the  response  of  these  cajiacitors,  which  consist  of  alternating 
layers  of  metal  and  dielectric,  can  he  predictcil  by  one  of  the  recently  avail- 
able codes  such  as  that  of  Chadsey  and  coworkers  (Kef  7>7 ) or  Pignaret  and 
Stroback  (Kef  11)  which  have  been  develoiied  to  predict  the  behavior  of  metal- 
dielectric  structures  sucli  as  cal'les.  Such  codes  can,  in  [irinciple,  take  into 
account  the  presence  of  sj)ace-charge  fields  in  the  dielectric.  In  fact,  to 
predict  the  radiation  response  of  dielectrics,  with  persistent  internal  fields, 
one  must  specify  the  initial  conditions,  i.e.,  the  spatial  distribution  of 
trapped  charge  and  molecular  dipoles  and  polymer  dielectrics  at  the  start  of 
irradiation.  Ihe  specification  of  the  spatial  distribution  of  molecular 
dijioles  is  relatively  simple.  Thermal  annealing  data  imiily  that  they  are 
uniformly  distributed  throughout  the  dielectric.  One  can  use  the  measured 
value's  of  ► released  consetpient  to  burn-in,  for  e.xample,  to  provide  an  upper 
bound  on  the  dijiule  concentration,  or  in  the  absence  of  specific  burn-in  data, 
a value  like  ► ■ Nkire  problematic  is  develo]iing  a realistic  physics  model 

which  describes  how  the  rad  i at  i on-generat  ed  electrons  rela.x  the  dipole  distribu- 
tions. Kaeliation  seems  to  be  a much  more  efficient  manner  in  producing  a given 
degree  of  relaxation  as  measured  by  or  than  by  heat.  Tor  example,  if  we 
take  .SO  krad  as  a typical  dose  reipiired  to  produce  the  asymptotic  state,  i.e., 
com))lete  relaxation  of  the  jiersistcnt  internal  field  created  b)’  burn-in,  then 
this  corresponds  to  an  energy  of  about  0.1  cal/g.  On  the  other  hand,  the 
energy  introduced  by  thermal  annealing,  AQ,  is  given  by  AQ  = fj^AT  where  , the 
specific  heat,  is  'cl  cal/g°K  for  i>u  1 yet hy  1 ene . (or  a temperature  rise  of  'vl0t)°K, 
this  corresponds  to  100  cal/g. 

A second  problem  in  a|)]ilying  the  codes  is  that  we  cannot  specify  witii 
certainty  where  the  trapped  s|)ace  charge  resides.  Model  calculations  should 
be  carried  out  for  various  distributions  of  sjiace  charge  ranging  from  one 
where  all  of  the  charge  is  t rajiped  near  the  dielectric  surface  to  one  in  which 
it  is  iinformly  distributed  throughout  its  volume.  The  former  will  bo  useful 
in  simulating  possible  surface  charging  effects  such  as  friction  or  extrusion. 

The  latter  can  simulate  volume  charging  by  processes  such  as  burn-in  or 
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h i j;h-oiu'rj;y  electron  or  jianuiia  irradiation.  As  wc  have  discussed  in  (Chapter  7>, 
part  of  this  charge  resides  at  the  interfaces  between  crystalline  and  amorphous 
domains  whose  dimensions  are  of  the  order  of  several  hundred  angstroms,  which 
is  small  compared  to  the  thickness  of  the  dielectric  and  thus  can  reasonably  be 
modeled  by  a uniform  charge  distribution. 


5. 


TETRAFLUOROETHYLENE  DIELECTRIC 
CABLE  AND  CAPACITOR  STUDIES 


INTRODUCTION 

The  oi- i j,;  i iKi  1 impetus  for  stU(.l>iiijj  persistent  charge/po  1 ar  i zat  ion  effects 
in  natal -pol>mer  Uielectric  ssstems  was  to  understand  tlie  phenomena  responsible 
for  the  anomalously  lai->;e  resiionse  of  capacitors  containing  polymer  film  dielec- 
trics when  exposed  to  radiation  pulses.  However,  it  has  more  recently  become 
evident  that  the  radiation  response  of  other  met  a 1 -po lymer  dielectric  systems, 
such  as  coaxial  cables,  may  also  he  problematic.  The  possible  appearance  of 
a large  first-pulse  signal  and  the  inconsistent  response  of  a cable  to  a series 
of  radiation  jnilses  have  made  the  prediction  of  system  survivability/vulner- 
ability difficult.  Therefore,  during  the  course  of  this  program,  it  was  mutual  1 
agreed  between  lUT  and  the  COR  that  some  of  the  effort  that  was  to  have  been 
spent  on  examining  charge  storage  and  electrode  effects  (cf.  , item  T'2ld|  of  the 
Statement  of  Work]  would  he  redirected  to  provide  support  to  the,  at  that  time, 
forthcoming  DNA  Cable  Program.  In  this  chapter  the  study  made  of  the  thermal 
and  radiation  response  of  series  of  semirigid  Teflon  dielectric  cables  is  de- 
scribed. These  cables  have  been  used  in  instrumenting  simulator  and  UCT  SCliMP 
exjieriment  s , and  are  also  used  in,  or  are  similar  to,  satellite  cables.  The 
second  section  of  this  chapter  includes  a review  of  the  radiation  response 
measurements  made  by  f.ric  IVeenas,  while  at  I RT  , on  sam[)les  of  these  cables  with 
the  Simulation  Physics,  Inc.  (SPl)  Pulse  6(H)()  x-ray  facility  early  last  year, 
lor  comparison,  and  as  a first  step  in  gatheritig  in|)ut  for  the  IRT'/DNA  Cable 
Program,  we  have  also  reviewed  data  on  the  response  of  these  cables  under 
different  conditions  of  irradiation.  TTie  third  section  of  this  chapter  dis- 
cusses the  thermally  stimulated  current  measurements  made  on  samples  of  the 
same  tyjH's  of  cables  as  those  exposed  ;it  SPl.  These  measurements  were  carried 
out  to  see  if  a correlation  similar  to  th.it  found  for  tin-  capticitors  exists 
between  radiation  resiioie'.e  and  thermal  ri'sponse  of  the  cables.  This  section 


also  includes  a discussion  of  the  TSC  spectra  obtained  for  a series  of  Teflon- 
ill  capacitors.  These  measurements  were  made  to  provide  imjirovcd  data  on  the 
charj’.e  release  conseipient  to  burn-in  as  a function  of  temperature  for  this 
polymer,  which  is  the  most  commonly  employed  dielectric  in  high-quality  coaxial 
cables.  The  original  Tlii  ca[)acitor  measurements  (Ref  1)  were  taken  at  the 
beginning  of  this  program  when  techniques  for  obtaining  the  TSC  spectra  were 
still  under  develojiment . 

5.2  RADIATION  MEASUREMENTS 

Two  cable  tyjies  were  examined  in  the  radiation  test  at  SPl.  These  were 
a 0. 1-inch  o.d.,  all-aluminum  conductor  cable  that  was  constructed  according 
to  the  specifications  of  Dr.  (iarl  Baum  of  the  Air  Force  Weapons  Laboratory, 
whicfi  wo  designate  the  0.1-incii  AFWL  cable,  manufactured  by  Uniform  Tubes, 

Inc.  Ihe  other  cable  was  a standard  0.085-incb  o.d.,  copper- jacketed  (Cujack) 
cable  manufactured  by  (iablewave  Systems,  Inc.  In  addition,  a third  cable  type, 
a standard  0.111-inch  o.d.  Cujack  cable  (also  from  Cablewave)  was  thermally 
annealed.  All  three  kinds  of  cables  have  been  used  to  instrument  sensors 
fieltled  in  both  simulator  and  U(TT  tests,  and  the  Cujack  cables  are  used  in 
satellites  as  well.  Their  structures  are  summarized  in  Table  0.  No  pre- 
conditioning such  as  thermal  annealing  of  these  cables  was  carried  out  before 
irradiation.  They  were  bent  into  circles  for  exiiosure. 

Tile  photon  spectrum  to  which  the  sam|iles  were  exposed  is  given  in 
Figure  20.  We  estimate  its  peak  to  lie  at  about  52  keV,  while  the  mean 
photon  energy  is  about  61.8  keV.  The  full  width  at  half  maximum  (FWIIM)  of 
the  radiation  [lulse  was  about  70  nsec.  The  exposure  fluences  were  all 
0.4  mcal/cm",  excejit  for  the  first  pulse  to  which  the  0.1  AFWL  cable  was 
exposed,  which  was  10  mcal/cm“. 

Ihe  initial  and  asymjitotic  response  of  each  cable  is  given  in  terms  of 
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its  peak  res[ionse  expressed  as  ma/ ( ca 1 /cm" ) ’ cm  in  Table  10.  In  order  to  com- 
pare these  data  to  measurements  made  on  the  same  cables  at  other  facilities, 
it  is  necessary  to  convert  the  x-ray  fluence  ( T ) or  flux  (T)  into  an  equiva- 
lent dose  (dose  rate)  because  most  cable  resiionses  have  typically  been 
expressed  in  terms  of  the  charge  (current)  per  unit  dose  (rate)  per  unit 
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Icnr.tli,  ivliore  the  close  is  tliat  delivered  to  an  external  dosimeter.  An 
aecurate  estimate  of  the  dose  delivered  to  the  cable  dielectric  would  account 
for  (a)  attenuation  of  the  x-ray  j)ulse  ])assinft  thiaju^h  the  cable  wall,  (b) 
har’deninj;  of  the  spectrum,  (c)  dose  enhancement  effects  because  of  the  photo- 
electrons emitted  at  the  conductor-dielectric  interface,  and  (dj  the  [iresence 
of  gaps  between  the  conductors  and  dielectric.  The  significance  of  all  of 
these  effects  on  cable  response  have  recently  been  identified  (Kef  ) . 

Most  dosimetrs-  to  date  has  been  expressed  in  terms  of  the  dose  delivered  to 
a silicon  dosimeter  or  Tl.l)  located  at  the  i)osition  of  the  cable  in  the  radia- 
tion t'ield.  This  is  equivalent  to  relating  response  to  incident  fluence.  A 
coii'.'i'rs  i on  from  fluence  to  external  dose  can  be  derived  with  the  mean  mass 
absorption  coefficient  in  Si  for  the  s]iectrum  of  Figure  19.  F’or  a thin 
absorber,  the  equivalent  dose  1)  is  related  to  the  fluence  f by 


I)  [rad  (Si  ) ] 


(20) 


where  u /p  is  the  average  mass  absorption  coefficient.  We  estimate  that  this 

.1 

quantity  is  equal  to  0.81)  ciir/g,  based  on  tabulated  values  of  the  mass  absorp- 
tion coefficient  as  ,i  function  of  energy  for  Si  given  by  Fvans  I Ref  4.S).  This 
is  equivalent  to  a dose-fluence  conversion  of  7>7>7  krad(Si)  = 1 cal/cm*'.  For 
a pulse  whose  IWIIM  is  nsec,  tvqiical  for  tlie  SIM  pulse  OOOU  pulse, 

the  peak  dose  rate  i a]iprox  imat  el  y 

i)  [rad(Si  )/sec]  = (— )=  d • « -X  1 0*  T ( ca  1/cm’)  . (21) 

max'-  ^1/2  Vp/ 

F.qiiat  ions  20  and  21  have  been  used  to  convert  the  SIM  data. 

For  coni]ta  r i son , we  have  summarized  the  measured  radia  ion  resiionses  of 
samples  of  the  same  tyjies  of  cables  as  determined  by  other  investigators  in 
lable  12.  Ilie  response  of  each  cable  was  that  across  a .SO-ohm  termination. 

I he  signal  pol.irity  was  measured  from  center  conductor  to  ground.  Tlie  other 
1 IM  result'  were  obtained  at  the  1 RW  Vulcan  facility,  whose  effective  photon 
energy  fur  ilosimetr}’  is  about  72.S  keV.  Fliose  data  of  Notthoff,  denoted  Ml'AC 


TABLE  11  . RELATIVE  CABLE  RADIATION  RESPONSE 
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Bipolar,  peak  responses  of  each  polarity  arc  given. 


(lU'f  1()),  Koi-e  take'll  at  the  Allv'l.  I'Kl  !•  facility  on  simulators,  one  the 

1\-1()()0  aiul  the  other  the  PR-1S‘.M).  Ihe  spectrum  from  these  machines  is 
hasically  the  hremsst  rah  1 uny,  radiation  produced  li>’  approximately  6-MeV  elec- 
trons incident  on  the  converter.  Ihe  Aeros[iace  Corporation  data  was  obtained 
In  llai  and  Beemer  (Kef  47)  on  the  Ml’f  facility,  which  is  an  x-ray  machine. 

In  tliese  tables  we  have  tried  to  list  some  of  the  relevant  factors 
describing;  the  conditions  of  irradiation.  It  has  now  become  clear  that  merely 
yiviny  the  response  of  a cable  expressed  as  the  charge  release  per  unit  dose 
jier  unit  length  is  not  sufficient.  .Any  compilation  of  cable  data  must  include 
the  following  elements.  first,  a knowledge  of  the  flux,  spectrum,  fluence, 
and  cable  structure  to  calculate  the  driven-charge  res|)orise,  including  dose 
enhancement  across  interfaces.  Second,  accurate  values  of  material  parameters 
to  compute  quantities  such  as  the  r.id  i at  i on- i nduced  conduct  ivi  t>’ . Third,  one 
must  know  if  gaps  are  iiresent  between  the  dielectric  and  conductors  and  whether 
or  not  there  is  air  present  in  these  gajis.  fourth,  some  bound  must  be  put  on 
the  amount  and  distribution  of  stored  charge  introduced  into  the  cable  dielec- 
tric by  manufacturing,  handling,  or  radiation  in  order  to  determine  the  initial 
state  of  the  ilielectric.  The  significance  of  a stored  charge  in  enhancing  the 
response  of  met  a 1 -d  i el  ect  r i c systems  is  quite  ‘•■vident  in  the  |)olyethylene 
ca|>acitor  data  that  is  presented  in  Chapter  4 of  this  report. 

Ihe  tlata  taken  at  the  SIM  facility  and  shown  in  fable  10  are  interesting 
I in  that  they  present  a miniature  compendium  of  observed  cable  responses  to 

[ihotoiis.  Both  cables  show  the  fi  rst  pulse  anomaly;  i.e.,  the  first  jnilse 
response  as  measured  by  its  shape,  polarity,  and  charge  emitted  jier  unit  ilose 
is  quite  different  from  that  for  the  n^*'  pulse  asymjnotic  response.  As  is 
often  the  case,  the  net  charge  released  per  unit  dose  (K^j)  was  much  larger 
than  that  released  in  its  equilibrium  state  (K^).  I'hese  cables  reached  an 
asymptotic  state  after  only  one  pulse.  Because  of  the  difference  between  the 
first  [lulse  fltiences  to  which  the  cables  were  exposed,  one  cannot  make  more 
th.in  an  order  of  magnitude  estimate  on  the  size  of  the  dose  needed  to  (a)  pro- 
duce a detectable  first  pulse  response,  and  (h)  to  reach  an  asymptotic  state, 
fhese  data  suggest  that  ilose  regimes  of  100  to  several  krads  are  significant, 
which  is  also  confirmed  by  the  other  cable  data  presented  in  fable  11. 
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I In-  ri'sponsi'  i)f  t lu-  O.OSS-iiich  (!ui.uk  i.;ihlc  was  significantly  onhancfcl  in 
comi'a  r i son  to  its  response  in  vacuum  when  air  was  introduced  into  the  test 
chamber.  Such  changes  have  been  attributeil  to  the  motion  of  ionized  gas  pre- 
sent in  gaps  between  conductor  and  dielectric  surfaces  (Kef  IS).  It  is  likely 
that  the  negative  s[)ace-cha rge  field  set  up  in  the  cable  dielectric,  which 
e.xtends  out  across  the  ga)'  as  a result  of  the  previous  irradiation  (i.e.,  the 
first  si.x  pulses),  caused  an  enhanced  drift  of  electrons,  created  as  a conse- 
quence of  air  ionization,  toward  the  outer  conductor,  which  is  equivalent  to 
an  incre.ise  in  the  ]X)sitive  current  flow  through  the  load  resistor. 

Ki'  have  tried  to  illustrate  in  the  limited  collection  of  data  presented 
in  fable  II  how  measured  cable  resiionse  can  vary  if  taken  under  different 
e.xjier imental  conditions.  These  data  were  taken  on  cables  obtained  from  the 
same  manufacturer,  although  jirobably  from  different  manufacturing  runs.  It 
h;is  been  claimed  that  one  can  observe  a variation  in  the  resiionse  of  cables 
of  the  same  nominal  type  obtained  from  different  manufacturers  of  up  to  a 
factor  of  four  or  more  (Ref  18).  This  observation  emphasizes  our  point  that 
the  history  of  a cable  from  the  time  it  is  manufactured  until  it  is  irradiated 

must  be  known  to  adequately  define  the  conditions  under  which  it  is  tested.  It 

can  be  seen  that  the  initial  charge  output  per  unit  dose  for  a given  cable 
type  under  different  irradiation  conditions  can  var>'  h>'  factors  of  several 
hundred.  Ihe  Aerospace  data  were  taken  at  the  lowest  doses,  which  typically 
were  of  the  order  of  20  rad(.Si).  They  show  a much  smaller  response  than  the 
otlur  me.isu remen ts  taken  at  doses  per  pulse,  which  were  10  to  100  times  larger. 
■\o  first  [lulse  effects  were  seen  by  them.  However,  sever.il  practice  shots  were 
typically  fireil  in  the  DIM-  before  data  was  t.aken  (Ref  It)).  Therefore,  the  data 
listed  in  lahle  II  included  no  information  on  the  first  pulse  response  of  these 

cables.  At  the  other  extreme,  the  IRf  Vulcan  ilata,  tyjiically  taken  at  an  expo- 

sure of  several  krad(Si)  [ler  pulse  also  show  no  inconsistent  cable  behavior. 

Both  the  IR'I/.SI’I  measurements  and  the  M(Ti.\C/'I'RIT-  IX- 100  ilat.i  taken  at  doses 
ot  100  to  .'■>00  rads  per  pulse  do  show  such  a first -pulse  anomaly.  .Notthoff  in 
Reference  U>  summarizes  the  results  of  measurements  on  the  behavior  of  2b 
cables  will'll  exjiosed  to  flash  x-ray  irradiation  and  remarks  that  the  first  pulse 
tended  to  he  three  to  five  times  larger  than  the  asym]’totic  output  if  normalized 
to  eipial  dose. 
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rho  limiti'il  ov  icloiK'i-  currently  available  suggests  that  one  secs  first- 
pulse  anomalies  in  cables  in  which  sij;nificant  amounts  of  tra[)pcd  charge  are 
pre-sent  ulien  the  ilose  j)er  pulse  is  of  the  order  of  100  rads  or  so,  and  that 
an  asymptotic  state  is  reacheil  in  which  the  I'esponse  of  a cable  becomes  uni- 
form when  a dose  of  several  kratls  has  been  accumu  lat  eil . These  findings  are 
supported  by  the  experiments  of  Pignaret  and  Stroback  (Ref  41)  which  were 
designed  to  eliminate  the  effects  of  gaps  on  the  resjionse  of  tlie  layercil  metal- 
dielectric  structure.  Tor  samples  exposed  to  a large  flash  x-ray  such  as  a 
Vulcan,  the  dose  delivered  b>  a single  (nilse  is  evidently  large  enough  to 
induce  an  ascmiitot  ic  charge  distribution  in  the  dable  dielectric,  i.c.,  all 
evidence  of  its  initial  condition  is  wiped  out  in  the  first  pulse.  These 
comments  apiil>’  to  samjiles  in  which  persistent  charge/polarization  is  jiresent 
because  of  manufacturing  processes  or  jirior  handling.  The  dose  reijuired  to 
reach  a constant  resiionse  is  undoubt edl>'  dependent  on  the  initial  state  of 
the  dielectric,  i.e. , on  the  amount  of  persistent  charge/po 1 ar i zat i on . Clearly, 
the  results  of  our  measurements  on  polyethylene  cajiacitors  (summarized  in 
lable  1)  have  demonstrated  that  the  deliberate  introduction  of  additional  per- 
sistent charge/polarization  not  onl>'  significantly  enhances  the  resp>onse  of 
tliese  capacitors,  but  also  takes  s i gn  i f i cant  1 >■  greater  doses  (typicall)’  tens 
of  krads)  to  reach  a state  where  the  charge  output  per  unit  dose  becomes  uni- 
form. .A  similar  conclusion  was  reached  last  year  during  our  studies  on 
capacitors  with  jiolar  dielectrics.  There,  one  observed  significant  response 
which  changed  from  shot  to  shot  for  doses  of  't'lO  krad(.Si)  per  pulse.  The  total 
dose  reipiired  to  depolarize  some  of  these  samples  was  as  high  as  500  krad(Si). 

Any  future  cable  program  that  involves  cable  irradiation  must  be  care- 
fully designed  .so  that  the  relative  contributions  of  the  various  effects  such 
as  driven  charge,  dose  enhancement,  gaps,  stored  charge,  and  trapped  charge 
to  the  resjHHise  of  a cable  can  be  determined  as  a function  of  dose,  dose  rate, 
ami  spectrum.  Only  if  this  information  is  known  can  oiu-  use  test  data  to  make 
[iredictions  with  confidence  about  environments  that  may  be  of  s\stem  interest. 

It  is  now  believed  that  (iresently  available  codes  can  jireilict  that  p.irt  of 
the  resiionse  of  cables  due  to  driven  charge  taking  into  account  particular 
geometries,  including  gaps.  However,  testing  is  required  to  validate  the 
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pt'cil  u't  i VO  ability  of  those  codes.  Khat  is  not  yot  available  is  an  adoipiat  o 
description  of  stored  or  trapiied  charj;e  introduced  is  a consequence  of 
particular  sequences  of  inanu  fact  ur  i nj;  processes,  testinj;,  handling,,  or  cxjio- 
siire  in  a radiation  environment  to  jiroviile  the  initial  conditiotis  for  the 
exercise  of  the  codt  . It  is  the  aim  of  a forthcoming;  IIM/DNA  cable  [iro^jram 
to  provide  at  least  jiart  of  tliis  information. 

5.3  THERMAL  MEASUREMENTS  ON  CABLES  AND  CAPACITORS  WITH  TEFLON  DIELECTRICS 

rhermal  anneal  inj;  measurements  were  made  on  saiiqiles  of  the  cable  types 
shown  in  Table  9.  The  tests  were  carried  out  to  compare  the  charge  released 
from  these  cables  to  an  external  circuit  by  a thermally  induced  relaxation 
to  that  induced  by  radiation.  The  cable  sam|iles  were  all  three  feet  long  and 
were  coiled  in  a circle  .about  10  inches  in  diameter  (about  one  turni  for  inser- 
tion into  the  annealing  oven.  One  end  of  each  cable  was  left  open,  while  the 
other  end  was  connected  via  SMA  connectors  and  external  cabling  to  an  elec- 
trometer. Thermally  stimulated  current  measurements  were  carried  out  over 
the  range  of  .SOO  to  5IO°k  at  a rate  of  1 . 9°K/mi  nut  e . As  the  cables  were  not 
comjiletely  dejiolarized  at  the  end  of  the  TSC  measurements,  they  were  then  held 
at  approximately  475°K  for  periods  of  about  24  hours  until  the  net  current 
release  became  constant  or  went  to  zero. 

Four  thermal  annealing  measurements  were  performed.  The  first  three 
were  clone  to  establish  an  ecjui  librium  state  for  each  cable;  i.e.,  the  first 
annealing  determined  its  initial  response,  and  then  two  successive  annealings 
established  an  asymptotic  response.  Finally,  the  T’.SC  spectrum  was  measured 
consequent  to  a burn-in  at  T'|^  = 47.’^°K,  = 1 kV,  1 = 1.1  h.  The  burn-in 

temperature  and  voltage  were  set  at  the  manufacturers'  recommended  maximums 
for  the  cables. 

In  addition  to  the  foregoing,  several  thermal 1>'  stimulated  current 
measurements  were  made  on  a jia  i r of  Com])onent  Research  Type  DllL,  1 OOV  , TT  I- 
dielectric  capacitors  of  a kind  similar  to  those  studied  two  years  ago.  These 
ca()acitors,  whose  pro[)ert  ics  are  given  in  Table  12  arc  jiackaged  in  hermet  ical  1> 
sealed  ev.acuated  metal  cans.  They  have  leads  connected  to  the  dielectric  and 
electrodes  with  soft  solder,  which  is  also  used  to  seal  the  ends  of  the  can. 


99 


An  initial  sot  of  data  v%as  taken  with  the  samplos  as  obtained.  It  was  noces- 
sar>  to  koo]i  the  anneal  injt  temperatures  to  less  than  458°K  (185°C)  to  prevent 
the  leails  from  openinj;  because  of  melting  of  the  solder.  It  was  found  that 
the  TSC  s]iectra  obtained  under  identical  hurn-in  conditions  were  not  rcjiro- 
ducihle.  It  was  evident  that  a significant  amount  of  pcrsisteiit  cliarge/ 
po I a r i tat  ion  remains  in  these  simples  at  45(l°K  which  relaxes  very  slowly,  so 
th.it  a consequent  isothermal  annealing  is  required.  IHiring  this  annealing, 
f a i r I >■  large  I'ersi  stent  currents  of  several  ]i  i coam|)eres  were  observed  which 
dccavid  to  ten)  very  slowly  over  several  days.  The  i rreproduc ibi 1 ity  of  the 
fSC  spectra  was  probably  because  of  the  presence  of  significant  persistent 
charge  remaining  from  each  previous  run.  Moreover,  repeated  thermal  cycling 
of  the  samples  caused  a deterioration  of  the  contacts  to  the  electrodes  as 
evidi'iiccil  by  a rise  in  the  saiiqile  dissipation  factor. 

Thert  fore,  a new  set  of  measurements  were  made  in  wliich  the  cajiacitors 
were  removed  from  their  cans  and  fitted  with  mechanical  contacts  to  the  elec- 
trodes. When  configured  in  this  manner,  the  samples  could  be  repeatedly  cycled 
to  temiierat iires  of  up  to  5.40°K  without  any  apparent  deterioration.  A series  of 
burn-ins  were  conducted  under  t>pical  ciuality  assurance  conditions  with  tg  = 

1 .s  h,  Vg  = lOOV,  llg  = 100  kV/cm,  and  Tg  = 448°K.  .As  the  capacitors  were  not 
completely  relaxed  at  the  end  of  a TSC  ramp,  they  were  held  at  about  .820°K 
and  isothermal ly  annealed.  The  current  was  observed  to  decay  rapidl>’  to  zero 
or  to  a constant  but  small  value  of  a fr.iction  of  a picoamp. 

I'he  ca[)acitor  data  is  discussed  first,  to  [»rovide  a reference  for  our 
evaluation  of  the  thermal  anne.aling  measurements  on  the  cables.  fhe  results 
of  the  TSC  measurements  on  the  Tib  dielectric  capacitors  are  summarized  in 
Table  12.  I'igure  21  shows  the  TSC  spectra  for  one  of  the  cajiacitors.  Lines 
have  been  drawn  through  the  individual  data  |K)ints  to  more  clearly  show  then- 
trend.  I he  sj-iectra  for  the  other  sainjile  were  similar.  .All  of  the  TSC  spectra 
possess  a generally  similar  shape.  As  the  samiile  temperature  is  raised  from 
its  initial  value  at  ' A()0°K,  a relatively  large  amount  of  current  w.is  released, 
which  reached  a peak  at  about  .S09  to  .■^.S()°K.  At  higher  temperatures  the  T.SC 
declines,  reaching  a minimum  at  'v.ll()°K.  Ibis  temperature  is  close  to  the  glass 
transition  temperature  f400°K)  for  this  polymer  (Kef  .SO).  While  it  is  difficult 


to  dot  e nil  i no  unainh  i guous  1 y tu'causo  of  the  fluctuations  in  individual  data 
points,  there  is  evidence  that  small  minima  may  also  be  present  in  the  ISC 
spectra  for  these  polymers  at  ”38()°K  and  'v49()°K.  At  higher  temperatures, 
all  of  the  speetra  for  the  samples  after  Imrn-in  showed  a rise  in  the  current 
emitted.  The  initial  TSC  speetra  of  the  two  samples  without  hurn-in  went 
sharpl\-  negative,  so  the  net  for  the  ramp  was  negative.  It  is  our  judg- 
ment that  the  negative  currents  observed  at  the  highest  temperatures  in  these 
initial  runs  were  a eonsei|uence  of  the  incomplete  annealing  of  these  samples 
during  prior  runs  where  maximum  temperature  was  limited  by  the  melting  ]ioint 
of  the  solder  Joints  by  whieh  leads  were  attaehed  to  the  eleetrodes.  During 
the  subsequent  isothermal  anneal ings  for  the  burned-in  samples,  TSC  currents 
ent  to  zero  in  about  one  hour. 

In  Table  12,  we  have  listed  the  net  amount  of  charge  released  during  the 

entire  thermal  annealing,  as  well  as  the  separate  contributions  from  the 

temperature  ramp  and  the  isothermal  annealing  in  terms  of  the  nond i mens i ona 1 

parameters  K.j.Crotal  j , i.|.(Ramii),  k,j,(  I sotherma  1 ) , respectively.  These  numbers 

have  been  eominited  with  liquation  8.  To  convert  them  to  an  actual  charge  release, 

one  need  only  substitute  the  sample  and  burn-in  jiaraiiiet ers  given  in  lable  12. 

lor  the  initial  annealings,  where  no  burn-in  was  a|iplied,  a k was  eominited 

for  a hypothetical  = lOO  volts  for  coiii]iarison  to  the  burn-in  data.  Tor 

reference,  a ^ of  1 x 10  eorresiionds  to  a released  charge  of  10. (>  nC , or 
2 

about  8.6  pC/cm  . It  can  be  seen  that  the  net  charge  released  under  burn-in 
was  positive,  and  that  the  observed  bound  on  k.|,  ■ 7.S  x 10 

The  net  charge  released,  expressed  as  i-.i,,  is  much  less  than  s,  the  rela- 
tive dielectric  constant.  Such  a finding  is  reasonable.  I’ol yt et ra f 1 uoro- 

ethylene  is  a nonpolar  polymer,  as  is  [lo 1 yet  by  1 ene . Therefore,  the  nonelec- 

) 

t roll  i c component  of  the  polarizability  ='K-n‘"  = 2 . O.S- ( 1 . .T5 ) = 0.23  is  expected 
to  be  small.  As  the  discussion  presented  in  Cha|iter  3 points  out,  this  dif- 
ference is  an  upiier  bound  on  the  amount  ot'  charge  released  in  a thermal  anneal 
eoriseciuerif  to  burn-in  b>-  het  erocharg  i ng . The  net  amount  of  charge  released 
will  he  sample  dependent,  i.e.,  dependent  on  the  concent la t i on  of  dipoles  or 
dissociable  impurities  introduced  as  a eonseipience  of  manufacturing  procedures. 
Ihe  values  of  .y  [iresenteil  in  Table  12  are,  in  fact,  about  equal  to  the  value 


of  ► foiiiKl  for  t 1h'  radiation  response  of  similar  caiiacitors  depolarized  by 
3()-MeV  1. iliac  electrons  (Kef  1).  They  are  somewhat  smaller  than  the  values 
of  ►,!,  found  during  an  initial  thermal  depolarization  of  similar  samples. 

In  Table  1 .T  the  data  for  the  T.SC  measurements  on  the  semirij^id  coaxial 
cables  are  [iresented.  l or  coinpai'ison , the  net  charge  release  from  the  0.100- 
iiuh  AlWl.  and  0.08.S-inch  Cujack  cables  durinj;  their  SPl  pulse  0000  irradiation 
are  also  shown.  All  charge  release  has  been  expressed  in  terms  of  the  lelevant 
►'s.  lor  the  radiation  data,  and  for  the  evaluation  of  the  charge  released 
during  the  thermal  annealing  of  the  cables  without  any  burn-in,  values  of 
and  were  computed,  using  Vj^  1 kV,  which  was  the  value  used  during  the 
burn-in  of  these  samjiles.  .Note  that  the  cables  were  not  burned  in  before 
irradiation.  The  T.SC  spectra  for  these  cables  are  presented  in  Figures  22 
through  2T.  Again,  lines  have  been  drawn  through  the  individual  datum  to  make 
their  trends  more  readily  visible.  It  is  to  bo  noted  that  the  oscillations 
shown  in  the  data  of  Figures  22  and  27>  are  probably  not  real.  Measurement 
of  current  changes  of  'vlOO  fA  is  difficult  with  systems  employing  coaxial 
cables  and  connectors  because  of  the  noise  introduced  by  the  use  of  such 
components.  It  can  be  seen  from  Figure  24  that  the  currents  emitted  by  the 
O.OH.T-inch  Cujack  cable  arc  a factor  of  10  larger  and  do  not  show  these 
osc i 1 1 at i ons . 

.Several  general  observations  can  be  made  about  the  respo  ise  of  these 
cables  when  the  persistent  stored  charge/polarization  is  relaxed  by  heat  or 
radiation  pulses.  For  the  two  cables  irradiated,  the  net  charge  released  as 
a consequence  of  this  radiation  is  comparable  to,  or  loss  than,  that  released 
during  the  initial  temperature  ramp  for  cables  of  these  same  types.  Such 
behavior  is  similar  to  that  observed  for  the  series  of  cajiacitors  examined 
last  year  (Kef  2)  and  for  the  polyethylene  samples  discussed  in  Chapter  4. 

These  data  further  support  our  finding  that  thermal  annealing  may  be  used  to 
bound  the  radiation  resjionse  of  cables  due  to  the  ]irescnce  of  stored  charge. 
Second,  for  the  0. 100-inch  AFWT  cable  and  the  0.141-inch  cable,  the  amount  of 
charge  released  to  the  external  circuit  does  not  appear  to  be  significantly 
changed  if  each  cable  is  subject  to  prior  burn-in.  On  the  other  hand,  the 
response  of  the  0.085-inch  cable  after  burn-in  is  extremely  large.  The  net 
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Figure  2k.  TSC  spectra  for  0.085"inch  Cujack  cable 


ih.ir,i;o  roli-;isi.d  i . a factor  of  >1)  or  so  larger  than  tliat  released  from  The 
annealed  sample.  1 .xpressi-d  as  a r,j.,  this  charge  release  is  = -7,. 9,  which 
IS  nearlx  twice  the  magnitude  of  the  normal  dielectric  constant  12.05)  for 
po  1 > t et  raf  1 uoroet  hy  1 ene . .Such  lai’ge  values  of  after  heterocharging,  i.e., 
burn- in  under  noi'iiial  condituuis,  have  only  been  seen  for  the  thermal  response 

I 

of  polar  polymers  where  * - n“  s.v; ; i.e.,  the  ]irinci])al  contribution  to  the 
tot.il  ])o  1 a r 1 zah  i 1 i t >■  is  none  1 cc  t ron  i c due  to  the  presence  ot'  aligned  molecular 
dipoh's  or  intrinsic  imi)urit>'  charges  that  are  trajiped  at  interfaces. 

\nother  sur])rising  aspect  of  the  cable  burn-in  data  is  that  the  net  charge 
released  b>  tlu'se  cables  consequent  to  burn-in  was  negative;  i.e.,  the  net 
charge  flow  was  from  the  center  conductor  of  each  cable  biased  at  the  higher 
potential  during  burn-in  to  the  outei-  conductor,  which  was  grounded.  lor 
relaxation  after  liet erocha rg i ng , the  net  charge  release  should  be  positive 
Icf.  Chapter  .S ) acconling  to  our  sign  convention  as  observed  for  the  PTIli 
capacitors.  Iho  .'qipearance  of  negative  currents  suggests  that  at  least  part  of 
the  chari’.e  released  is  a consequence  of  the  motion  of  .space  charge  in  the  pol>- 
mer  in  the  tlirection  of  the  forming  field. 

With  the  e.xcejition  of  the  burn-in  data  for  the  0.08f)-inch  Cujack  cable, 
the  net  amount  of  charge  released  c.xpressed  as  a c.j,  was  some  ,x0  times  or  so 
larg.ei'  than  that  released  by  the  capacitors  as  a consequence  of  thermal  anneal. 
However,  su  h a comparison  in  this  case  is  misleading.  In  Table  M wo  have 
tabulateil  the  net  charge  release  per  unit  area  for  all  of  the  samjiles  e.xamined 
that  contain  lef  lon-Tfl.  il  i e 1 ec  t r i c s . We  have  included  in  the  table  data  for 
the  three  cables--the  two  Component  Research  ().J2-pf  capacitors,  as  well  as  a 
l.()-,.l  Comi'onent  Research  I’TI'I.  capacitor  stiulied  two  years  ago.  It  can  be 
seen  that  the  net  charge  released  per  unit  area  for  these  samples  shows  a 
much  narrower  range  of  variation  (again  with  the  exception  of  the  (I. 085-inch 
Cujack  cable),  tyjiically  being  of  the  order  of  100  pC/cm“  or  less. 

Ihese  ilata  suggest  that  the  charge  storage  I'rocesses  for  the  cable  under 
burn- III  is  related  to  surface  jiroiu' rt  i es , i.e.,  rejiresents  charge  stored  near 
the  dielectric  surfaces.  If  the  polarization  charge  were  due  soIel>’  to  a uni- 
form volume  polarization  due  to  the  alignmi'iit  of  molecular  dipoles  or  the 
accumulation  of  intrinsic  impurity  space  charj’.e  at  internal  interfaces  of 
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domains  small  compared  to  tho  thickiu'ss  of  the  cable  dielectric  through  the 
inhomogeneous  polymer  (Maxwel  1 -Waj>ner  polarization),  the  for  the  cable 

would  he  more  nearly  equal.  This  assumes  that  both  the  cajiacitor  and  the 
cable  ilielectrics  have  relatively  e(|ual  concentrations  of  polarizable  impurities. 
Such  an  assumption  is  not  unreasonable  as  both  were  made  from  dul’ont  1 ef  1 on  THi . 
An  observed  constancy  of  <.|.  was  observed  last  year  in  a study  of  the  thermal 
dejiol ar i zat ion  of  capacitors  from  different  manufacturers  containing  film  of 
the  same  generic  type  but  of  different  thicknesses.  It  is  likely  that  the 
response  of  these  latter  cajiacitors  is  due  to  a volume  effect.  first,  hetero- 
charging of  samples  with  good  metal ized  electrodes  is  not  thought  to  induce 
significant  homocharging  at  the  forming  fields  employed  (Ref  51).  .Second,  the 
net  charge  released  per  unit  area  from  the  capacitors  if  near  the  surface  would 
probably  be  much  larger  because  of  the  fact  that  the  film  is  thinner  than  the 
cable  dielectric.  If  the  dielectric  were  charged  with  s,i  nC/cm^  to  a surface 
depth  of  10  nm  as  a consequence  of  e.xtrusion  or  friction  (Refs  51,52),  the 
resultant  charge  release  ]5er  unit  area,  q,  would  be  of  the  order  of 


for  a dielectric  of  thickness  f.  charged  uniformly  to  a depth  r^^  with  sjiace- 
charge  density  (Ref  5.5).  for  the  0. 085-inch  cable,  J.  ~ 0.02.5  inch  = 584  um. 
fhen 

q - lo'-’  -%  X ‘ - 0 pC/ciir  . 

cm" 

In  fact,  the  observed  charge  released  per  unit  area  for  the  annealed  samiiles 
is  somewhat  larger,  suggesting  that  at  lea'.t  part  of  their  response  is  due  to 
a relaxation  of  a volume  |io  lar  i zat  i on  . 

1 he  res|)onse  of  the  0.085-inch  Cujack  cable  consequent  to  burn-in  was 
l.-irg.e  and  negative  (-5.(i  n(!/cm")  . Ibis  suggests  the  m.inner  in  which  such  a 
response  miglit  be  created.  1 he  amount  of  charge  reUsised  b>'  the  leflon  capaci- 
tors and  t fie  other  cables  was  typical  ly  100  p(!/cnr  or  li-ss.  Tlie  amount  of 
charge  t.hat  can  fie  injected  into  tfie  |)ol\mer  fiy  corona  discharge  or  electron 
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injection  is  imicti  larjjer  and  is  ultimately  limited  by  air  breakdown,  but  is 

■> 

of  the  order  of  10  n(7cm“  for  dielectrics  of  thickness  comparable  to  that  in 
the  0. OSS-inch  Cujack  cable  (Kef  10).  The  most  likely  explanation  for  the 
anom.i  1 ous  1 y large  res]ionse  of  this  calile  is  as  follows.  During  the  course  of 
the  series  of  thermal  annealing  cycles,  it  was  repeatedly  heated  to  tempera- 
tures in  excess  of  500°K.  This  temperature  is  above  tiie  recommended  operating 
limit  for  the  cable,  which  is  l.S.S°K.  It  is  quite  likely  that  the  repeated 
tfu'rmal  cycling  caused  at  least  a partial  separation  of  the  inner  and  outer 
conductors  and  the  dielectric  because  of  their  unequal  rates  of  thermal  expan- 
sion v%ith  the  formation  of  gaps.  If  this  is  so,  the  application  of  high  voltage 
across  the  cable  could  result  in  local  breakdown  across  these  gaps.  Such  break- 
down can  cause  an  injection  of  ions  into  the  polymer  (Ref  5.S),  and  is  similar 
to  homocharging  by  corona  discharge.  As  the  center  conductor  of  the  cable  was 
at  positive  higii  iiotential  during  burn-in,  it  is  likely  that  the  injected  ions 
. would  be  [lositive.  If,  because  of  the  gaps,  the  contact  between  the  center 

' electrode  and  the  dielectric  was  at  least  partially  blocking,  the  positive  ions 

would  tend  to  diffuse  away  from  the  blocking  electrode  into  the  bulk  of  the 
polymer,  i.e.,  toward  the  outer  conductor,  resulting  in  a net  negative  replace- 
ment current  flowing  through  the  electrometer.  The  net  charge  per  unit  area 
released  in  this  case  would  be  comjxirable  to  the  injected  charge  (Ref  25) 

♦ 

» 

if  the  center  injecting  electrode  is  entirely  blocking.  As  r^.|/d  for  the  cable 
is  0.01,  for  a completely  blocking  electrode  the  observed  charge  would  be  eipial 
to  the  injected  charge.  As  the  injecting  electrode  is  probably  onl\-  partially 
blocking,  the  net  chargt  released  is  less. 

It  has  been  argued  (Kef  18)  that  an  important  contribution  to  the  anomalous 
response  of  cables  is  the  presence  of  gaps  between  conductors  and  dielectrics. 
The  [)resence  of  such  ga[)s  has  only  been  confirmed  .ifter  observing  anomahnis 
radiation  resjionses  by  microphotography  of  c.ible  sections  (Ref  So)  or  by  filling 
the  ga[)s  with  a dielectric  liipiiil  and  noting  .i  diminished  radiation  response 
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iRof  17).  Ouf  (.'xjicr  it-ncf  uitli  t lu'  0 . 0S.'"5- i nc(i  Cuiack  cable  sufjf^ests  tluit  it 
may  he  pos.sihio  to  pretest  a ca|ile  for  j:;a[)s  by  the  ajij'l  icat  ion  of  hij^h  voltage 
follouetl  by  a I SP  measurement.  If  significant  tu)mocharg  i ng  occurs  across 
these  ga[)s  .bec.iuse  of  lireaKilown,  tlien  it  should  l)e  reflccteii  in  an  anomalously 
l.irge  amount  of  current  emitted  during  the  thermal  anneal. 

)\hili‘  the  genera!  appearance  of  the  TSP  sjiectra  for  these  cables  ..md  the 
III  caj'acitors  are  dissimilar,  they  have  some  common  features.  The  most 
signific.int  is  the  rise  in  tlie  T.SC  currents  ;it  temperatures  above  47.')°K.  This 
corresponds  to  a marked  rise  in  the  coiKluct i v i t y of  this  polymer  (Ref  57(.  In 
atidition,  two  of  the  samples  (the  0 . OK.'i- i nch  Pujack  and  the  0.141-inch  Pujack) 
show  peaks  near  or  above  the  glass  transition  temperature  (4()()°K'  which  gradu- 
al 1 >•  disa|)pear  as  the  sample  was  rejieatedl)-  annealed.  The  observed  temperature 
dependence  of  the  I'SP  current  and  the  fact  that  the  net  current  released  to  an 
e.xternal  circuit  was  negative  even  after  burn-in  suggests  that  the  predominant 
component  of  charged  release  to  an  e.xternal  circuit  reflects  the  motion  of 
space  charge  in  the  polymer.  It  is  difficult  to  ascribe  any  definite  origin 
for  the  currents  observed,  lixceiit  in  the  case  of  the  0. 1-inch  aluminum  cable, 
it  was  not  possible  to  obtain  a rejieatable  response  under  the  same  exjierimental 
conditions,  i.e.,  rcfieated  annealing,  as  it  was  for  the  cajiacitors.  This  may 
be  due  to  a progressive  deterioration  in  the  state  of  both  the  Pujack  electrodes 
and  the  diele'tric,  as  well  as  their  interface,  as  a consequence  of  repeated 
cycling  to  elevated  temperature.  In  any  case,  the  emitted  T.Si;  currents  were 
( small  during  repeated  annealings  coni|)ared  to  the  sort  of  resiionse  one  might 

f cx[)ect  to  see  if  trapped  charge  were  jiresent. 
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6.  SUMMARY  AND  ASSESSMENT 


6.1  INTRODUCTION 

riu‘  1 s of  this  program  have  been  threefold;  first,  to  demonstrate  the 
manner  in  hhieh  molecular  or  morphological  featuj-es  of  polvTncr  dielectrics 
d-^termine  their  ability  to  store  iiersistcnt  space  charge/polarization;  second, 
to  determine  how  the  radiation  response  of  met  a 1 -d i e 1 ect r i c components  is 
altered  by  the  prc-sence  of  such  trapped  charge  and  to  provide  hounds  on  their 
response;  and  third,  to  prescribe  means  for  minimizing  the  effect  of  stored 
charge  on  the  iX'S|)onse  of  such  systems  if  charged,  or  at  least  to  make  their 
response  p red i c t ah  1 e . 

Uielectric  charging  has  been  identified  as  [lotentially  problematic  in  at 
least  three  systems.  I'irst,  h i gh- re  1 i ah i 1 i t y Mil-Spec  capacitors  have  shown 
an  out|)ut  of  charge  in  irradi;ition  that  is  much  larger  than  the  predicted  photo- 
conductivity response.  Second,  the  signal  generated  by  coaxial  cables,  when 
irradiated,  is  often  unpredictable  in  the  amount  of  charge  released  and  even  in 
Its  sign.  Thi  . has  been  called  the  first-pulse  anomaly.  Third,  dielectrics 
in  S[)acecraft  are  ex[)osed  to  the  space  radiation  environment.  They  can  accumu- 
late significant  amounts  of  trapped  charge.  This  may  lead  to  component  failure 
due  to  a catastrophic  event  such  as  dielectric  breakdown,  or  the  presence  of 
such  charge  may  significantly  alter  their  radiation  response.  Components  in 
which  such  persistent  charging  is  thought  to  he  jiroblematic  include  cables, 
theniial  blankets,  ilielectrics  associated  with  solar  cells,  spacers,  and  second 
surface  mirrors,  (ilearly,  to  make  vulnerability  and  survivability  predictions, 
one  must  be  able  to  bound  the  reS|)onse  of  charge  dielectrics.  More  desirable 
would  be  the  minimization  of  deleterious  effects  from  the  contribution  of  stored 
charge  to  the  radiation  response  of  a system. 

ibis  chapter  includes  the  significant  conclusions  obtaineil  for  this  year's 
study  on  the  relationship  between  the  mor[ihology  of  a model  polymer  j)o lyethy lene 


and  Its  atulitx  to  "-torn  sjtaci'  ohai-j'.o  in  it'-  hulk.  Miis  chapter  also  includes 
a summary  of  the  findinjjs  of  our  studs’  on  the  thermal  and  raiiiation  response 
of  three  semiri>;id  coaxial  cables  containinj>  Teflon-Tli;  ( po  ly  t et  raf  1 uoroet  hy  1 ene  I 
dielectrics.  This  work  was  carried  out  to  jirovide  a first-cut  look  at  some  ol 
the  factors  responsible  for  the  anomalotis  response  of  cables  with  polymer  dielec- 
trics. .\  summary  of  the  relationship  between  the  structure  of  [lolymers  and  their 
abilits’  to  store  charjte  is  then  presented.  As  is  discussed,  one  must  examine 
the  total  problem,  i.e.,  not  onl>’  the  polymer,  but  its  environment  Ithe  manner 
in  which  it  is  charged,  jirior  history,  electrodes,  and  the  type  of  radiation), 
final  1>,  we  present  suggestions  for  relevant  problems  to  be  addressed  in  deter- 
mining the  effect  of  stored  charge,  i.e.,  persistent  internal  charge  introduced 
by  manufacturing  or  handling,  and  t rajiped  charge,  i.e.,  a charge  introduced  by 
external  radiation  such  as  the  oxoatmospheri c electron  environment,  on  the  radia- 
tion response  of  cables. 

6.2  PRINCIPAL  FINDINGS 

Persistent  internal  fields  were  created  in  a scries  of  jiolyethy 1 ene 

dielectric  capacitors  at  temperatures  chosen  to  encompass  the  important  phase 

transitions  in  this  polymer  at  forming  fields  of  100  kV/cm.  The  charge  released 

as  a function  of  temperature  over  the  range  100°K  to  4(H)°K  was  measured  (TSC) . 

rhe  polyet  h>’lenes  were  of  three  types,  one  low-density  (d  = 0.022  g/cnT^,  w^  = 

O.'U)),  the  second  a medium-density  (d  = 0.0-S5  g/cm‘^,  w = 0 . 5.S ) , and  the  third 

7i  ^ 

a high-density  (d  = 0 050  g/ciif  , w^,  = 0.70).  These  samples  were  chosen  to  span 
the  range  of  crystallinities  and  degrees  of  chain  branching  for  commercially 
•ivailable  polyet  liy  1 enes . Hie  results  of  these  measurements  can  be  summarized 
as  follows: 

1.  The  general  shape  of  the  IS(!  spectra  for  all  three  kinds  of 
[lo  I yet  hy  I enes  are  similar. 

2.  I'he  1 ow- 1 emperat lire  portion  of  the  spectra  of  these  inilymers 
f'^275°K)  can  he  attributed  to  charge  released  from  the  elec- 
trodes as  a consequence  of  tlie  relaxation  of  molecular  dipoles 
associated  with  carbonyl  fC=()l  groups  introduced  into  polymer 


ihiims  as  a i'onsf(|iu-tico  of  chain  oxiilation.  I he  molecular 
relaxation  of  these  dipoles  is  associated  with  the  coordinated 
motion  of  sejtment  s of  the  [lolymer  chains  at  the  i and  B transi- 
tions in  the  polviner,  which  occur  at  ' 11S°K  and  ^240°K, 
respect i vely. 

The  charjje  emitted  at  hi>;hcr  tem]ieratures  is  due  to  the 
thermall)'  induced  relaxation  of  space-charge  fields.  The 
trapped  charge  is  for  sanijiles  with  metalized  electrodes, 
primarily  intrinsic,  and  is  due  to  the  dissociation  of  impuri- 
ties introduced  into  the  polymer  during  its  manufacture. 

Based  on  the  results  of  our  thermally  stimulated  current 
measurements,  as  well  as  those  carried  out  by  other  investi- 
gators, and  related  data  such  as  conductivity  and  mobility 
misisu rement s for  this  polymer,  one  can  make  tentative  idcntifica- 
t i('ii  of  possilile  trajiping  sites  rclateu  to  morjihol  og  ica  1 features 
of  the  [Kilymer.  Ihese  include;  (a)  the  interstices  between 
crystalline  and  amor|)hous  domains  in  their  inhomogeneous  mate- 
rial; (h)  regions  of  l.arge  free  volume  between  molecular  cores 
in  the  amorjihous  domains;  and  (c)  defects  in  the  crystalline 
domans  associated  with  chain  folds  or  chain  misalignment 
because  of  the  [iresence  of  side  branches.  These  tra)iping 
Sites  not  onl>  are  responsible  for  the  long-term  trapiiing  of 
stored  charge,  but  also  determine  the  ordinar>'  mobility  of 
charge  carriers  in  these  materials.  The  same  factors  that  make 
a nonpolar  polymer  like  polyethylene  an  extremely  good  insulator 
also  determine  that  it  will  efficiently  store  persistent  charge. 

Within  the  scatter  of  the  data,  there  was  no  observed  dependence 
of  the  thermally  stimulated  charge  release  under  short  circuit 
consequent  to  burn-in  on  cj'ystal  1 inity.  lor  the  most  part,  the 
amount  of  charge  released  was  equivalent  to  a <0.06  (cf.  liqua- 
tion 8 for  a definition  of  this  jiarameter)  . for  a few  sanqilcs 
. 0.6.  There  was  no  correlation  observed  between  the  appearance 

of  such  a large  reS|)onse  and  crystallinity.  lor  t omj)a  ri  son  , the 


relative  di  elec  trie  eonslant  i-  of  ]iol  yet  hy  1 oik  raiiftes  from  2.2K 

for  low-density  polyethylene  to  2.34  for  high  density  poly- 

eth>lene.  lor  reference,  a > = 0.06  corres|)onds  to  a charge 

^ ■) 

release  per  unit  area  of  0.53  nf!/cin",  while  ►...  = 0.6  is  equal 

> * 

to  a charge  release  of  5.3  nC/enr.  The  charge  stored  on  the 

electrodes  of  a ])o  lyet  h>' lene  capacitor  with  an  applied  field 

•) 

of  100  kWem  for  < = 2.3  wouhl  he  equal  to  203  n(;/cm“.  How- 
ever, unlike  the  charge  storeil  consequent  to  burn-in,  when  the 
capacitor  is  shorted,  the  noi'mal  bias  charge  will  he  dissipated. 

().  It  is  believed  that  under  ideal  burn-in  conditions,  i.e.,  at 
low-forming  fields,  comparable  to  those  used  for  these  e.xperi- 
ments,  and  with  samples  containing  gapless  electrodes,  the 
creation  of  persistent  internal  fields  is  hy  heterocharging, 
i.e.,  the  polarization  of  molecular  ui|ioles  and  of  intrinsic 
sjiace  charge  which  is  trajij'ed  jirimarily  at  interfaces  between 
crystalline  and  amorphous  domains  (Maxwel 1 -Wagner  polarization) 
and  near  the  electrodes.  Because  po  1 yet h>' 1 ene  is  a nonpolar 
polymer,  the  concentration  of  such  polarization  charge  will  he 
small  and  sample  dependent,  i.e.,  deju'ndent  on  the  impurity 
concentration  present.  One  expects  in  this  case  that 

I.,  fesiiond  i ng , nonelectronic  contribution  to 

the  material  polarizability.  The  value  of  this  difference  is 
0.01  to  0.03,  comparable  to  the  values  of  ► .j.  observed  for  the 
majority  of  samples. 

7.  Where  the  observed  charge  release  as  a consequence  of  thermal 
depolarization  was  large  (Kj,  ^1),  the  altereil  shaiH'  of  the  l.SC 
siiectrum  suggests  that  additional  charge  was  injected  into  the 
bulk  of  the  dielectric  across  the  electrodes.  As  the  bulk  of 
the  extra  charge  released  occurs  at  temperatures  near  the  melting 
point  of  the  polymer,  this  suggests  that  the  trapping  sites  for 
the  injected  homocharge  are  located  in  crystalline  regions  of  the 
polymer.  As  the  conditions  under  which  the  extra  charge  was  intro- 
duced into  the  dielectric  were  not  rejtroduc  i b le , it  is  not  possible 
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to  assi);n  an  oxact  mochan  i sm  to  the  mantior  of  injection.  How- 
ever, a possible  mechanism  is  injection  across  ga()s  between 
electrodes  and  dieli-ctrics  as  a cotisequence  of  breakdown  of  air 
in  these  jjaps. 

H.  Studies  iiave  been  nuule  which  correlate  the  c r>  st  a 1 1 i n i t y of 

po  1 yet liy  1 ene  with  projierties  such  as  the  mobility  of  conduction 
and  the  ability  of  the  polymer  to  retain  persistent  trapped 
charj’.e  after  injection.  I'he  conclusion  of  these  studies  is  that 
t lu'  more  crystalline  the  polymer,  the  more  able  it  is  to  retain 
stored  charjje,  i.e.,  the  longer  is  the  I'elaxation  time  for 
dissipating;  the  excess  space  char)>e.  This  is  reflected  in  the 
observed  decre.ise  in  conductivity  with  increase  in  polyetlnlene 
c ryst  a 1 1 i n i t . 

The  ratliation  response  of  the  same  po  1 \et hy lenes  sulisequent  to  the  crea- 
tion of  persistent  stored  charj;e/polari  cat  ion  were  studied.  Relaxation  of  the 
internal  jiol  ai- i cat  ion  fieUl  was  .achieved  with  pulses  of  40-MeV  electrons, 
which  de(H)sited  a dose  of  'vHOO  radsIS.I  = 911  rad(l’I'.)  per  [lulse 

The  results  derived  from  the  capacitor  irradiations  can  be  summariced 
as  fo 1 lows: 

I.  The  initi.il  charjje  rele.ise  per  unit  dose,  R^^,  was  always  greater 
t h.an  the  .asymptotic  resjionse,  R^.  In  this  sense,  the  behavior 
of  those  capacitors  in  which  internal  fields  were  created  by 
burn-in  mimics  the  inconsistent  response  often  observed  in 
cables;  namely,  that  if  a cable  is  exposed  to  a series  of  pulses, 
tin-  observed  signal  changes  from  shot  to  shot,  usual  1>-  diminish- 
ing in  amplitude  and  often  changing  sign  until  an  asymptotic 
repe.atable  response  is  reached. 

2.  1 he  net  amount  of  charge  released  by  a capacitor  that  was  burned 

in  was  always  greater  than  that  released  by  a similar  sainjile  that 
liad  been  thermally  annealed.  The  .iver.ige  relative  response 
expressed  as  the  ratio  r|^(burned  i n ) /r  ( .innea  1 ed ) was  about  10.5 
to  1 for  the  high-density  samples,  K.5  to  1 for  the  medium-density 
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samples,  ami  I to  1 i'or  tlie  ioK-doiisity  samples  (see  lajua- 
t ion  18  l\)i'  a (.lef'initioii  of  These  findings  clearly 

domonst  ra  1 1'  that,  under  the  |iarticular  conditiotis  of  irr.adia- 
tion,  the  rad  i at  i on  ■ i nduced  relaxtition  of  |iolari  zat  ion  charge 
in  a dielectric  can  significantly  entnance  its  response.  As  w;is 
iliscussed  in  Ch.ipter  -1,  this  effect  is  more  important  in  deter^ 
mining  the  response  of  these  layered  met  a 1 -d i e Icct r i c structures 
than  the  presence  of  gaps  or  dose  enhancemetit  effects.  This  is 
largel)’  due  to  the  f.ict  that  there  is  little  dose  enhancement  in 
these  samples  .and  that  the  radiation-driven  currents  in  each 
layer  are  relatively  equal  for  irrtidiation  by  high-energy  elec- 
trons whose  r.ange  is  much  gre.ater  than  the  samiile  thickness. 

Ihe  net  charge  rele.ased  [ler  unit  area  by  these  samples  was 
> 

• 100  p(!/cm“  e.xcejU  for  two  of  the  high-density  jh)  1 yet hy  1 one 

samples  where  emissitin  was  larger.  The  observed  values  of  v 
- a ' 

were  3.8  x 10  “ for  the  Inirned-in  sam|>ies,  with  tiie  two  above- 

mentioned  exceptions.  These  were  less  than,  but  comparable  to, 
the  vtilues  of  ' obtained  for  similar  samples  under  identical 
burn-in  conditions.  These  findings  suggest  th.it  thermal  anneal- 
ing may  be  used  as  a screening  technique  to  identify  those  metal- 
d'l.'lectric  systems  such  ;is  capacitors  or  cables  which  show  an 
tinomalous  radiation  res])onse  because  of  the  ])resence  of  iiersistent 
space  cha rge/[io lari  z:it  ion. 

.3.  The  inititil  responses,  U , oliserved  rangeil  from  38  x 10  C/rad- 
a - 1 5 ’ 

cm  to  1 X 10  ■ (!/rad-cm  , while  the  asymptotic  responses,  R , 

1 (>  * 

were  all  '.3  x 10  ’ r/rad-cm“,  indef'endent  of  their  initial  state. 

If  one  notes  that  a eotixial  cable  with  .i  dielectric  o.d.  of  'vO.l 
inch  has  a surface  area  of  about  1 ciir  per  centimeter  of  length, 
the  observed  ca[iacitor  responses  .are  compartible  to  those  observed 
for  the  semirigid  cotixial  cables  discussed  in  Chapter  5 (cf.  Table 
11),  which  were  ex])osed  to  a v.ariety  of  jihoton  spectr.i  ;ind  fluences 
but  which  were  not  subject  to  any  special  precoml  i t i on i ng . 
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■1.  It  t >■]!  i ca  1 1 >'  rt-qu  i r'c'J  dosc'^  to  tlio  ca])ai.' i t ors  of'  t lie  orclei'  of 

SI)  krad(Si|  to  I'oach  the  state  of  as\-mpt  ot  i e response.  However, 
tfie  [loiiit  at  whieli  this  state  was  reached  was  often  difficult 
to  assess  in  practice  liecause  of  rad  lat  ion- i ndoceil  jio  lar  i za  t i on 
in  the  dielectric;  i.e.,  the  rad  i at  i on- f i o 1 d -p  roduced  S[)ace 
Chardin);  whose  effect  was  to  counter  the  field-driven  currents 
by  ^eneratin^t  an  oiiposin^t  conduction  current.  Since  trapped 
space  charjte  in  these  dielectrics  relaxes  only  slowly  over 
pei'iixls  of  several  months,  it  would  he  interesting  to  try  to 
diminish  the  radiation  response  of  metal  dielectric  structures 
by  jirior  implantation  of  space  charge.  However,  the  radiation 
res]ionse  of  a metal  dielectric  system  is  sensitive  to  a variety 
of  factors,  includinj;  the  tyjie  or  radiation,  its  siiectrum,  and 
the  ilirection  of  the  radiation-driven  charge  in  the  dielectric. 

It  is  conceival)le  that  under  differi'iit  irradiation  conditions, 
the  res|)onse  of  tiie  met  a 1 -d  i e 1 ec  t r i c system  might  be  enhanced 
much  in  the  manner  that  the  response  of  our  cajiacitor  is 
enhanced  after  polarization  chaige  is  stored  in  the  dielectrics 
as  a conseipience  of  burn-in. 

As  a first-cut  effort  to  identify  those  mechanisms  resitonsible  for  the 
inconsistent  behavior  of  caliles  when  irrtidiated,  a surve>’  was  made  of  the  rela- 
tive res])onse  of  three  sol  id- jacketed , semirigid  cables  containing  Teflon-lTb 
dielectrics  ex[)osed  to  a variety  of  ]ihoton  sources.  Thermally  stimulated 
current  measurements  were  made  on  samples  of  the  same  caliles  to  see  if  there 
was  any  correlation  between  the  amount  of  charge  released  as  a consequence  of 
the  rad iat ion- i nduced  rt'laxation  of  stored  charge  in  the  cables  and  that 
released  by  heat.  The  relevant  radiation  tlata  |)resented  in  Table  11  indicates 
that  the  charge  released  per  unit  dose  per  unit  length  by  samples  of  the  same 
cable  type  can  vary  by  orders  of  magnitiuie.  Moreover,  the  pulse  shape  can  be 
markedly  different  under  different  exjiosure  conditions.  The  appearance  of  a 
first-[)ulsc  anomaly  is  evidently  dose  dependent.  The  relative  response  of 
these  cables  measured  with  the  Aerospace  DI’T,  an  x-ray  source  which  outputs 
about  2.')  radsf.Si  J per  puise,  were  significantly  smaller  than  those  taken  at 
the  other  facilities,  and  showed  a relatively  constant  signal  from  shot  to  shot. 
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Tlio  s]H'iit'ic  rcs]H)MSt'  for  the  three  eahles  nieasiiretl  at  tlie  Tlh\  Vulean  facilit>' 
at  (.loses  of  kra(.l(Si)  per  pulse  also  slu)wed  a similar  constancy.  l-'or  doses 
pi'i"  pulse  in  between  these  two  extremes,  i.e.,  hetwei'ii  1 (HI  rad(Si)  and 
1 krad(Si),  an  inconsistent  cable  response  was  observed.  These  limited  data 
are  in  ajtreement  with  other  observations  (Reference  11  and  this  work)  that  the 
presence  ot  stori'd  charj^e  introduced  by  manuf  ac  t u r i n>;  or  handling;  may  he 
s I j’.n  I f i cant  in  affecting  the  net  behavior  of  cables  for  a total  dose  of  one 
krad.  \t  higher  accumulated  doses,  rad  i a t i on -d  r i veil  sjiace-charge  effects  will 
predom  i nat  (■ ; i.e.,  the  as\'mptotic  space-charge  state  of  the  cable  will  be  deter- 
mine'.! b>-  the  r.id  i a t i on  di'])os  i t I’d  charge  rather  than  any  initial  stored-charge 
distribution.  .Such  a conclusion  is  tentative,  to  be  taken  with  the  caveat  tliat 
under  conditions  where  relativel)’  large  internal  jiolari  zat  ion  fields  are  created 
deliberately  by  burn-in  or  i nadvert ent 1\  because  a dielectric  is  charged  by  an 
external  source,  the  total  dose  at  which  ‘ rapi>ed  charge  is  relaxed  will  be  higher. 
This  is  suggest(.’d  bv  our  data  for  annealed  versus  hurned-in  po  1 \et by lene 
ca]iac  1 tors. 

These  data  suggest  that  it  is  not  adequate  to  give  a single  number  for  use 
in  vulnerability/survivability  jiredictions  which  defines  the  dose  or  dose-rate 
dependence  of  the  signal  output  by  a cable.  It  is  clear  that  one  must  also 
specify  the  test  conditions,  i.e.,  spectrum,  dose,  dose  rate,  ambient  atmo- 
sjihere,  prioi  history,  presence  of  gaps,  in  order  to  properly  predict  the 
anticipated  magnitude  of  the  rad  i at  i on- i ndiiced  signal. 

\ series  of  thermal 1\'  stimulated  current  measurements  were  made  on  samples 
of  the  three  cable  types  where  radiation  res[K)nse  was  evaluated.  for  compari- 
son, the  T.SC  spectra  were  obtained  for  two  ca|)acitors  with  Tef lon-Tl'I-  dielec- 
trics. The  charge  released  to  an  external  circuit  from  these  capacitors 

- 3 _ 2 

cons(  pient  to  burn-in  is  etiuivalent  to  a c .|.  7.5  x 10  ‘ or  less  than  70  pC/cm  . 

Ihis  net  charge  release  is  comparable  to  that  induced  by  radiation  after  burn-in 
for  similar  samjiles  (Ref  1).  This  relatively  small  response  is  to  be  exjiected 
for  nonpolar  jiolymers  in  which  jiersistent  polarization  fields  are  created  h\’ 
homocharging.  The  measured  response  is  expected  to  be  of  the  order  of 
the  absence  of  any  charge  injection. 
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I'ho  net  eh;ii'j;e  I'eleased  li>'  the  three  cables  was  coinparahly  small,  ^lOO  pC/ 

•> 

cm“  oi'  outer  dielectric  surt'ace,  iiuleiiendeiit  of  whether  the  samples  had  been 
annealed  or  hunted  in  prior  to  measurement  of  tite  ISti  spectra.  The  first  anneal- 
iny  responses  were  all  IdlH)  |it!/cm“'  and  jirovide  a hound  to  the  charge  released 
to  an  external  circuit  under  irradiation  if  tliere  is  any  correlation  between  <,j, 
and  as  has  been  found  to  hold  for  the  polyethylene  capacitors.  In  fact, 

the  net  amount  of  charge  per  unit  dose  released  to  an  external  circuit  by  the 
two  cables  exposed  at  the  SPI  Pulse  (lOOO  facility  was  even  smaller  tlian  their 
thermal  response.  It  was  found  for  one  cable,  the  0. 085-inch  Cujack,  that 
the  net  amoutit  of  charge  released  as  a conse((uence  of  thermal  annealing  after 
burn-in  was  ipiite  large,  nC/cm'^.  The  magnitude  of  the  released  charge, 

as  well  as  its  observed  polarity,  suggi'sts  that  a large  amount  of  homocharging 
of  this  sample  took  place  during  burn-in,  probably  because  of  the  presence  of 
gaps  between  the  conductor  and  dielectric.  If  this  finding  can  be  verified, 
one  may  he  able  to  use  the  ISC  method  to  test  for  gaps  in  cables  to  screen 
those  that  will  show  anomalous  radiation  responses  because  of  their  presence. 


6.3  RELATIONSHIP  BETWEEN  POLYMER  MORPHOLOGY,  CHARGE  STORAGE,  AND 

RADIATION  RESPONSE 

It  is  clear  that  the  ability  to  store  persistent  space  charge/polariza- 
tion is  rel  ited  to  the  morphology  of  polymers.  lor  example,  the  polar  polymers 
typically  employed  in  capacitor  dielectrics  contain  molecular  dipoles  that  can 
be  oriented  under  bias  at  elevated  temperatures  (burn-in).  I'he  impressed 
orientation  will  be  frozen  in  at  normal  ojierating  temperatures.  One  must 
raise  the  temperature  of  the  polymer  to  one  com|iarable  to  that  for  the  glass 
transition  which  point  large-scale  molecular  motion  of  the  polymer 

chains  occur  to  relax  the  dipole  field.  .Similarly,  the  ability  to  store 
traiiped  S[>ace  charge  can  l>e  related  to  specific  trai)]iing  sites  in  the  polymer, 
as  we  have  described  for  polyethylene.  Because  many  polymers  have  complex 
structures  and  are  inhomogeneous  materials  consisting  of  two  phases,  one 
crystalline,  the  other  amorphous,  the  variety  of  possible  trajiping  sites  for 
free  charge  is  much  greater  than  for  largely  homogeneous  inorganic  materials. 

As  we  have  discussed  in  Chapter  .3,  the  presence  of  these  trajis  plays  a 
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proilomi  nant  roK-  in  dct  c'nii  i n i ni;  tin.’  low  mac  ia)Sio|i  i c inoliilitics  for  conduction 

in  these  materials.  Ihus,  the  ]iro|)e  rt  i es  of  these  materials  which  make  them 

e\tremel\’  v;ood  insulators  also  j;uaraiitoe  that  they  possess  ;in  abundance  of 

sites  for  storinr,  |iersistent  charge.  In  fact,  trapped  space-charge  densities 

> 

ot'  t lu'  order  of  10  n(!/cm“  can  be  rettiined  in  noii|)olar  polymer  foils  for  periods 
of  several  rears.  Ibis  behavior  is  now  lieing  c.xploited  to  produce  transducers 
for  devices  such  as  microphones. 

I he  St  rcnc.th  of  t lie  persistent  internal  field  created  depends  not  only 

on  the  polymer  moriihology  but  .also  on  the  manner  of  injection.  Under  burn-in, 

i.e.,  heterocharging,  where  tliere  is  no  e.xternal  charge  injection,  the  strength 

of  the  persistent  field  ;it  temperatures  well  lielow  will  lie  proportional  to 

the  none  1 ect  roll  i c component  of  the  polarizability,  i.e.,  projiort  i ona  1 to 

the  difference  between  the  static  and  li  igh-freipiency  polari  zalii  1 i t ies  . In  a 

polymer,  this  component  ai'ises  from  the  alignment  of  molecular  dipoles  ;inil 

space  charge  tnpiped  at  interfaces  between  domains  in  these  inhomogeneous 

m;i  t eri  a i s . Ihese  induce  a net  surface  charge  tier  unit  areti  q = 

^ 1 O'"  () 

Tor  tyjiical  forming  condition  in  an  experiment  b.  lO'kV/cm.  Thus,  tor  a 
jiolar  |)olymer  where  '^1  . M '^1**  lUi/cm*'.  For  a noii|iolar  polymer,  such  ;is 

jiolyethylene  or  leflon,  '''U.OS,  such  th.it  q fdlO  pU/ciir.  The  net 

induced-charge  density  in  this  case  is  s i gn i f i c;int , as  it  represents  the 
amount  of  charge  per  unit  electrode  tirea  that  flows  through  an  external  cir- 
cuit or  relax.ation  of  the  polarization  fields. 

On  the  other  hand,  the  nonpolar  polymers  such  as  po 1 vet hy 1 ene  and  Teflon 
fend  to  be  better  at  storing  persistent  s|iace  charge  than  the  [lolar  ])ol>iners. 
Nonpolar  polymers  tend  to  have  lower  volume  conductivities  than  polar  types, 
in  part  because  the  former  tend  to  have  lower  concentration  of  dissociable 
ini[)urities  such  as  watei',  which  can  neutralize  injected  sjiace  charge.  The 
amount  of  charge  that  can  be  trapped  in  these  niaterials  is  determined  by  the 
probability  of  breakdown,  either  in  air  if  |iresent  next  to  the  surface  of  the 

sample,  or  because  of  large  fiilds  iniilt  up  in  t be  dielectric.  It  is  possible 

> 

to  put  'airface  charge  densities  of  tens  of  nC/ciir  into  pol>iner  films. 

It  ii  harder  to  sjiec  i fy  the  radiation  response  of  these  charged  dielec- 
trics. The  radiation  signal  is  equal  to  the  replacement  current  flowing 


through  the  eireuit  external  to  tlie  met  a 1 -li  i e 1 ee  t r i e system.  It  ir  eijnal  to 
t lu‘  Slim  ot'  the  eotit  r i hut  i ons  to  the  net  solednoidal  current  flowinj;  in  The 
dielectric,  lanit  r i hut  i ons  to  this  include,  the  rail  lat  ion-dri  ven  current, 
consist  ini;  of  ['rim.iry  electrons  in  electron  irradiation,  and  secondary  elec- 
trons j;enerated  by  the  interaction  of  the  primary  beam  with  the  structure. 

Mure  is  also  a photoconductivity  current  that  flows  in  the  dielectric  because 
ot  the  ]iresence  of  an  apjilied  bias  or  because  of  fields  trapped  in  the  dielec- 
tric. Another  contribution  arises  from  the  motion  of  sjiace  charjje.  There  is 
.also  .1  contribution  from  the  displacement  current  density  which,  if  persistent 
jiol  .1  r i ;at  ion  is  ]iresent  as  represented  by  a polari -at  ion  field  adds  an 

extra  term  equal  to  31’/ *t  . Ihe  evaluation  of  most  of  these  terms  for  particular 
conditions  of  irradiation  is  complicated  and  has  only  recently  been  carried  out 
(Refs  ,sT',ll,TJ).  Moreover,  as  is  discussed  in  the  next  section,  the  relevant 
physics  needed  to  describe  the  contribution  to  the  net  solenoidal  current  due 
to  the  motion  of  t rapjied  sjiace  charj;e  or  to  the  relaxation  of  persistent  polari- 
z.ition  have  not  yet  been  incorporated  into  these  models. 

lor  the  conditions  under  which  our  capacitor  samples  were  irradiated,  we 
believe  that  the  predominant  contribution  to  the  net  replacement  current 
flowinji  in  the  external  circuit  was  due  to  the  relaxation  of  persistent  internal 
fields  by  the  radiation.  Because  we  examined  the  behavior  of  layered  sam[)les 
ex[)osed  to  electrons  whose  mean  ran^e  was  many  times  the  samjile  thickness,  it 
is  likely  that  the  d r i ven-cha rj;e  contribution  was  much  smaller  than  that  due 
to  the  iiKtt  ion  of  space  char>>e  or  dipolar  relaxation.  In  that  case,  one  expects 
to  find  ;i  correlation  between  the  amount  of  charjje  released  to  an  external  cir- 
cu  i t after  burn-in  by  a thermal  anneal  ini’  radiation  annealitii;  and  the 

nonelectronic  contribution  to  the  material  polarizability.  Ihe  data  presented 
in  I iy.ure  25  which  summarizes  our  findings  for  this  program  indicate  that  this 
was  more  or  less  true. 

6.  <4  RECOMMENDATIONS 

It  is  our  assessment  that  the  factors  res]Hinsible  for  the  unexpectedly 
large  signals  produced  by  cajiacitors  when  irradiated  are  understood.  The 
reputed  inconsistent  i-esiionse  of  cables  can  be  ascribed  to  an  incomplete 
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iqure  25.  Normalized  radiation  and  thermal  depo 1 ar i za t i on  response  versus 
nonelectronic  polar i zabi 1 i t / For  samples  chaiqed  by  burn-in. 

The  open  symbols  are  the  thermal  response.  The  solid  symbols  are 
the  radiation  response. 


imdorst  and  i iiK  of  the*  nioclian  i sms  tliat  ilctcriiu  no  the  rad  i at  i on- i nJiiccd  signal. 

It  is  now  ht'lievc'd  that  all  of  theso  factors  have  been  identified.  The 
clearest  evidence  of  this  can  be  found  in  the  pajH'r  of  Chadsey  et  al  . (Kef  ,S7 J . 
The  jihenoinena  that  determine  the  net  signal  for  a cable  include; 

1.  Ihe  kinetic  or  radiation-driven  cliarge  including  a correct 
accounting  of  dose  and  current  enhancement  at  the  interfaces 
between  conductor  and  dielectrics. 

2.  The  [iresc'iice  of  ga[)s  between  conductors  and  dielectrics. 

Ihe  return  currents  that  will  flow  in  the  dielectric  as  a 
conseiiuence  of  the  s|iace-charge  fields  that  are  created  because 
of  stopping  of  driven  charge  in  the  dielectric. 

■I.  The  rad  i at  i on- i nduced  rela,\ation  of  stored  charge  introduced 
by  manufacturing  processes  such  as  polymerization  or  extru- 
sion, of  frictional  charging  due  to  handling,  or  of  t rapiied 
charge  introduced  b>-  prior  irradiation,  i.e.,  exposure  to  the 
natural  or  artificial  exoatmospher i c electron  environment,  or 
radiat  ion  test  mg. 

It  IS  f i' 1 1 that  existing  codes  are  capable  of  accounting  for  the  contribu- 
tions of  the  first  three  factors;  i.e.,  the  [ihysics  they  embody  are  adequate  to 
describe  these  processes.  In  reg.ird  to  accounting  for  the  behavior  of  stored 
or  t rappi-d  charge  in  tin  cable  dielectric  when  irradiated,  the  adeipiacy  of  the 
modeling  is  less  clear.  Iwo  additions  are  required.  first,  one  needs  to 
determine  the  magn 1 1 iidi  , distribution,  and  nature  of  the  charge  stored  in  a 
dielectric  for  a given  method  of  injection.  Second,  one  must  incorporate  into 
existing  codes  that  can  t ransjiort  space  charge  in  internal  fields  a mechanism 
that  descrilies  the  manner  in  which  radiation  makes  this  trapped  or  stored  charge 
mobile.  In  terms  of  the  motion  of  intrinsic  charge  carriers,  this  can  be  done 
by  the  addition  to  the  noniial  conduct  i v 1 1 v of  a term  due  to  transient  conduc- 
tivity, which  typically  predominates.  Ihe  transient  conductivity  for  most  of 
the  common  insulators  in  an  unpolarized  state  has  been  measured.  The  contribu- 
tion of  the  motion  of  space  charge  in  the  insulator  will  add  a term  equal  to 
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ttu'  proiluct  of  tin.'  t rap  - inoclu  1 .1 1 t-i.1  moliilits  and  spaco-cha  rgo  dcnsitv  to  the 
jihot  oeondiKt  I i t >•  term.  In  addition,  a formalism  must  (>e  derived  to  take 
into  account  the  rail  iat  ion- i nduceil  depolarization  of  the  persistent  internal 
polarization  whose  time  rate  of  chanj;e  re|iresents  an  additional  cont  r i hut  i on 
to  the  d i S|' 1 acenient  current  (Kef  25). 

Any  program  that  attempts  to  develop  the  capaliility  to  predict  the  radia- 
tion response  of  c.ahles  must  identify  those  rejjions  of  s])eetrum,  dose,  and  dose 
rate,  where  each  of  these  mech;inisms  is  s i j;n  i f icant  . This  is  necessary  because 
the  contributions  of  some  of  th.em  are  nonline.ir  with  dose  and  dose  rate.  One 
c;in  envisai;e  an  iterative  jiroj;ram  that  would  combine  theoretical  modeling  and 
ex]ie r i menta  1 verification.  first,  the  e.xisting  models  and  codes  would  be 
exercised  for  reasonable  space  and  ])o 1 a r i za t ion  charge  distributions.  fhese 
would  lie  estimated  from  the  available  literature  on  those  processes  iiostulatcd 
to  store  jiersi  stent  stored  or  trapped  charge.  Particularly  imjiortant  cases 
to  stud>’  would  be  the  determination  of  the  eijui  librium  state  of  spacecraft 
dielectrics  under  exiiosure  to  the  exoatmospherie  electron  environment  in  order 
to  determine  whether  such  radiation  charging  may  lead  to  dielectric  breakdown. 
Next,  an  experimental  jirogram  driven  by  the  predictions  of  the  models  would 
be  undertaken  to  test  the  predictive  ability  of  the  codes,  to  determine  the 
processes  responsible  for  the  introduction  of  stored  charge,  and  to  ascertain 
the  type,  > lantity,  and  spati.il  distribution  of  such  persistent  charge.  In 
all  c.ises  such  assessments  should  be  made  with  an  eye  to  their  significance 
in  a system  environment,  i.e.,  whether  it  enhances  the  radiation  response  of 
a cable  to  a sufficient  degree  to  cause  system  upset  or  burnout.  finally,  the 

! results  of  the  experimental  program  would  be  used  to  improve  the  codes. 

1 

1 

1 
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